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GENERAL PHYSICS 
SECTION I— MECHANICS, 
CHAPTER I 

INTRODUCTION. MEASURING INSTRUMENTS 
Introduction 

The study of physics is important because so much of life to-day 
dCnsists of applying physical principles to our needs and pleasures. 
The electrical and hot-watcr arrangements in our houses; cycles, 
motor cars, trams, trains, and aeroplanes; cameras and the cinema; 
grainophdlies and radio sets; and the machines which do so much of 
the work foimerly done by hand, all require a knowledge of physics 
for their understanding. A complete understanding of many of these 
things requires a much deeper knowledge than can be obtained from a 
school course or from this book, but a knowledge of what is included 
here should enable you to recognise the physical principles underling 
much that -you see around you and will form a basis for further sttidy 
if you wish to pursue it. A number of applications of physics are 
mentioned in the following chapters but, whenever you have learned 
one of the principles discussed, you should try to find other instances 
in which it is applied. Thus you will find that the laws, formulae, and 
calculations of physics are not merely things to remember for exafiiina- 
tions, but knowledge which will greatly increase your interest in 
matters of everyday life. 

Measurement 

Careful measurement is often required to obtain exact knowledge 
of physical matters. It is assumed that you already know the Metric 
system of units and tables, but memorising of these and the notes on 
page 15 will be useful. It is also assumed that you have practised the 
use df metre scales, measuring jars, pipettes, and the physical balance. 
The metre scale enables lengths to be measured to tht^ nearest tenth of 


OBN. rav. 



2 


GENERAL PHYSICS— MECHANICS 


a centimetre or inch, but both the physicist and the engineer often need 
to ^ake more exact measurements, and some instruments for doing 
this should be known. 

A. It 


|oi 234 ^6789 
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Fio. 1. VsRNiEB Scale. 


The Vernier Scale will be best understood if you make one. Along 
the edge of a piece of cardboard mark off TU of an inch. Divide thjs 
into ten equal parts and number the marks as shown in Fig. 1. Cut 
out the piece of cardboard so marked. Place it beside the edge of a 
scale which, is divided into inches and tenths of an inch. Each small 
division on the cardboard is one-tenth of *9 in., i.e. *09 in., and is there- 
fore *01 inch shorter than the small divisions on the scale. 

Place the zero mark on the cardboard opposite to one of the marks 
on the main scale. To bring mark number 1 on the cardboard opposite 
a mark on the main scale, it must be moved *01 in. to the right. 
Similarly to bring mark number 2 opposite a mark on the main scale 
it must be moved *02 in., and so on. Now slide the cardboard to the 

tt 
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Fio. 2. Slide Calipees. 


position shown in the diagram. The zero on the cardboard scale^is a 
little more than 1 ’3 in. from the zero of the main scale. Division 7 
on the oardboara is onbosite to a mark on the main scale so, to brim; 


INTRODUCTION. M^IASURTNG INSTRUMENTS 3 


Pig. 3. Screw Gauge, 


the cardboard zero to the 1-3 in. mark, it would have to be moved 
•07 in. to the left. Thus the distance between the two zeros is 1*37 ift., 
whole inches and tenths of inches are read from the main scale 
the little hit over is read 
^ in hundredths of an inch 
from the mark on the card- ^p||j|r 
board which 'is opposite to * T|| 
a mark on the main scale. Ur 

The Slide Calipers are 

illustrated in Fig. 2. The ^ — |pr 

stem to which the jaw A is 3 go^Ew Gawe. 

fixed is graduated in inches 

or centimetres and tenths of those units. The jaw B slides along the 
stem and carries a vernier scale. The zero of the vernier should be 
just opposite to that of the fixed scale when the jaws are tightly 
closed. If this is not the case the ‘‘ zero error ’’ should be noted and 
correction made for it after taking a reading. When the jaws are 
opeiysd tlieir distance apart will be given to the nearest hundredth of 
an^ch or centimetre by the reading of the scales. 

This instrument is useful for measuring the dimensions of small 


as the diameters of rods an d tubesTT 
~ Gauge 3) is used to measure very small distances. 


the nearest hundredth of a millinietre. 


The collar X is attached to a screw passing through the stem Y. The 

I screw thread is accurately cut so that 

E one complete turn of the coyar moves 

the end A one millimetre lengthwise. A 
scale of millimetres is engraved along Y 
and the bevelled edge of X is divided 
into 100 equal parts. If X is turned 
sufficiently for one of these divisions to 
pass the line along Y, the. point A moves 
•01 mm. When the jaws are closed the 
edge of X should be at the zero of th^ 

scale on Y and the zero of the circular 

Fig. 4. Sphebometer. scale should be opposite the line on Y. 

When the jaws are opened, the number of complete turns — ^millimetres 
.r— is read from the main scale and the number of additional hundredths 
" • ^ -- ^ -•-- - jiqp on Y. 



Fig. 4. Sphebometer. 
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The S^enHn eteriEgi-41j8^ased_oiLthe^i^^ as the 8crfig_ 

^aug^ A riglA frame is supported on three fixedfeetTAnaccurate screw 

t ng a disc on its head passes through the centre of the frame. A 
al scale of millimetres is fixed on the frame nearly touching the 
[)f the disc which is divided into 100 equal parts. The reading ( 
circular scale is taken opposite to the fixed scale. Zero readings 
on both scales should be obtained when the instrument is standing on 
a flat surface which is just touched by the movable foot. The fixed 
scale is graduated upwards and downwards from a zero in the middle 
so that the distance of the movable foot above or below the pkne of 
the fixed feet may be measured. 

In using all these instruments preliminary examination for zero 
error is necessary, and note should be made as to whether the correction 
should be added to or taken from the readings. Further, the abova 
descriptions give the principles of the instruments but differences in 
details occur, e. a. it may require, two complete turns of a s 
screw to move the point one millimetre. In that case, if the circular 


ivisions. each of them represents *00 5 mm. Sue 
noted before the instrument is used. 




CHAPTER II 

INERTIA, FORCE, MASS, WEIGHT 

Most people have a general idea of what is meant by the word 
“ force,” but for scientific purposes a definite meaning must be attached 
to it. If you consider a feV cases in connexidn with which you would 
use the word, e.g. throwing a cricket ball, kicking a football, pulling in 
a tug-of-war, the action of a magnet on a nearby pin, you will realise 
*that it is usually associated with actions producing motion or altering 
the motion of bodies. 

Inertia 

Bodies at rest resist attempts to set them in motion. This resistance 
will be felt if you pull a horizontal thread attached to a brick suspended 
from a string, and may be so great that a sharp tug breaks the thread 
without cau^ng much movement of the brick. Common experi- 
ence also shows that a moving body tends to maintain its motion. 
When a train or motor car is suddenly stopped the passengers are shot 
forward because their bodies tend to maintain their forward motion. 
When loaded trucks are being pushed along level rails, considerable 
effort is often needed to start them, but, once started, little effort is 
needed to keep them moving, and a big effort is needed to bring them 
to a sudden stop. Numerous similar examples might be given. 

(k moving body tends to maintain not only its kind nf motion hut. 
also the speed with which it is moving and its direction of motion. 
6wmg to the effects of friction (Chapter VIII.) and gravitation (page 9), 
these facts are only approximately shown by actual experiences, but 
the tendencies can be seen in cases where friction and gravitation 
have very small effects. A top with a sharp point spinning on a hard 
smooth surface loses its speed of rotation very slowly. This is also 
true of the wheel of a toy gyroscope which has smooth, well lubricated 
bearings (Fig 5). A smooth piece of ice sent skimming along tjie 
surface of a smooth sheet of ice will travel a long distance with little 
loss of speed, and it travels in a straight line. 

The tendency to maintain direction of motion is shown when a 
stone is projected from a sling. While it is In the sling the stone has 
a circular motion. As soon as it is released doots bff along a straight 
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line (Fig. 6) continuing its 
direction at the moment of 
release. The same tendency 
is shown by drops of water 
flung off from the rim of a I 
re’^lving wheel. 

pQwin^tothi^gwdejjcj^^ 
home^t^&mmnat rest, orto 

continue anynwtwf^^ 

performvng t]ie y are Baid_to 
£ 088 ess^thepro£e^ 
inertia.! 


It is becauslTofthis 
property that heavy fly- 
wheels are introduced in 
many machines. The im- 
pulses given to the machine 
are intermittent and would 
produce a jerky'action. 
Once the fly-wheel lias 
started revolving, its tend- 
ency to continue at the same speed gives a steadiness to the motion of 
other parts geared to it. The same principle is applied in tluy^i^roscaj^ 
comm^(Fig. 7 ) . The magnetic compass does not point to the true north, 
and it may be made unreliable 
by masses of iron near it. lig 
gjTOSCopiccomgas^ 

Ifeavywhgeljnount^ 
zontal axis. This is mounted in 
a trame free to move about a 
verBcal axis. The wheelis^ept 

ajnd>if it 18 started with its plan e 
in an east to west direction, its 
inertia will tend to maintain it 




on nowever 


TSS 


sliip may turn. 

The property of inertia is also 
utilised in the picking up of water 
2)y a travelling looJmotive. When 
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the scoop A of the travelling 
locomotive (Fig. 8) moves along 
the water trough, the resistance 
of the water in front to being 
given a forward motion forces the 
water in the mouth of the scoop 
up the pipe and into the tank. 

Newton’s First Law. Force 

Newton, who made a stud 


of the motion of bodies durin 


the latter part o 




uniform speed alone a ste 




aw the ’term, ** force ” is often defined as an 


change in the state of rest or motion of a body. This does not really say 


what a force is, but reminds us that whenever we observe a body start 
or stop moving, or change its speed or direction of motion, forces are 
operating to produce these changes. 

Idass. Units of Mass 

Every body is sa^ to havj a mass which is usually defined as the 
amount rmtter in the ^ Consider a number of ounce weights, 
some oi iron anci some oi' mass. Each of the iron ones Will have the 

same volume and, since 



they consist of the same 
kind of matter, each must 
contain the same amount 
of matter. Similarly every 
brass weight will contain 
the same amount of matter 
as each of the others. ^ A 
brass weight will be slightly 
smaller than an iron 
weight, but, in spite of this 
^.„differen%e in size, any one 


Fm. 8. 
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of the brass weights will balance any one of the iron weights on a true 
balance, and each brass weight is said to contain as much matter as 
each of the iron weights. It is assumed that the matter is more 
closely packed in the brass than in the iron. A piece of cork which 
would balance one of the weights would have a much larger volume hnif 
would only contain the same amoimt of matter, in this case less closely 
. packed. 

It will be i^en that the practical test of equality of masses is that 
they will balance on a true balance. The purpose of the common 
balance is to measure masses by counterpoising them with standard 
masses which are called “weights.” 

y Units of Mass. — The standard of mass in the British system is 
the Im perial Standaidu^oimd^ whicn is a piece of platinum kept at the 
Hoard o f Trade Qfficca^ A mass w hich will balance the standarcl p ound 
is kept at each Weights and Measures office tor testing tiradesmbA'S ' 
“weights.” 


h l^h e^et^ system the_unit-Qf- maaa is th e gram me, which is the 
mass of 1 c.CPL, oLpure water at 4° C. As standard, a Di^e of platipum 


the baa a mnaa equal to that of a litre 5 

water at 4° C. and therefore equal to 1000 grammes, is kept at Sevres, 
ne^af Paris. 


Weight 

The terms “ mass ” and “ weight ” are often used as though they 
have the same meaning, and the measurement of mass by the common 
balance is called “ weighing.” Actually the two words refer to different 
things. Bodies raised from the earth tend to fall when support is 
•withdrawn from them. Newton appears to have been the first to 
think out clearly the meaning of this. According to tradition, the 
blow he received from an apple falling in his orchard started the train 
of thought which led him to his Theory of GravitaMon, according to 
which each body that exists attracts all other bodies. By means of 
it Newton was able to explain such things as the motion of the planets 
and the tides. 

Applying the theory to a body near the earth, such as an apple or 
a brick, the body and the earth attract one another. The body also 
attracts and is attracted by all other bodies such as the sun, stars, and 
planets. Thei^ bodies are so far away that their effects are very small 
and, for our purpose, may be neglected. Also the attraction of th^ 
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body has very little effect on the huge mass of the earth, and that, too, 
may be neglected so that we may consider that the .body experiences a 
force directed towards the centre of the earth which causes it to fall if 
it is not supported. This force, tending to mil a body towards the centre 
of the earth, is the iveiaht of the body. 

The Spring Balance 

If we fix one end of a spiral sxjring and pull the other end, a 
resistance to the pull is experienced 
and, when we let go, the spring flies 
liack to its original length. The 
stretching sets up forces in the spring 
tending to restore it to its original 
length and, the more it is stretched, 
fhe greater these forces become. 

This property of a spring is utilised 
in a spring- balance to measure 
weigjits of bodies. When a body is 
hung on a spring, the force due to 
the earth will null it downwards 
until an equal opposing force is set 
up in the spring which stops I'urth^ 
motion. 

To the lower end of a spiral spring 
hung vertically fix a pointer and a 
])an just heavy enough to stretch 
the spring a little (Fig. 9). Stand 
an upright scale behind the pointer 
and note the reading. Obtain a 
number of equal masses, such as 
ounce weights, and put each in turn in the pan, noting that the same 
extension of the spring is produced by each. This indicates that equal 
masses at the same ylace have equal weights It is for this reason 
that the terms mass and weight are often used as though they mea^t 
the same thing. Also for this reason the weight of a unit of mass is 
taken as a unit of weight. The weight of a poimd or the weight of a 
gramme. i,e, the force with which a mass of 1 lb. or 1 grm>^ pulled 
towards the centre of the earth, are such units. Th^ are usually 
written 1 lb. wt. or 1 grm. wt. > ^ 
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Now determine the extensions produced by 1, 2, 3, etc., of the equal 
masses taken together, and draw up a table as follows: — 


Weight 

Reading 

Extension 

Extension 
Weight ^ 

0 

• 

67-7 cm. 

0 

— 

1 oz. wt. 

• 

70-0 cm. 

2*3 cm. 

-^2.3 

2 oz. wt. 

72-3 cm. 

4*6 cm. 


3 oz. wt. 

74-6 cm. 

6*8 cm. 

¥=2-2(7) . 

4 oz. wt. 

76*9 cm. 

9*2 cm. 

¥ = 2-3 . 

4 

5 oz. wt. 

79-3 cm. 

11*6 cm. 

^ = 2-3(2) • 


The constant value of the quotient in the last column shows that 
the extension increases proportionally to the 'weight causing it. 
"TTsr weight against e^rtension inio a graplf from your results. 
Determine the extension caused by a piece of metal placed in the pan, 
and from the graph find the weight of the piece of metal. Alternatively 
the weight may be calculated as follows. Suppose the piece of metal 
produces an extension of 10-8 cm. From the table above, each oz. wt. 
produces an extension of 2*3 cm.; 


10*8 

Weight to produce 10*8 cm. extension = = 4*7 oz. wt. 


Mass and Weight Compared 

From the foregoing, (IAc common balance measures mass and ihe \ 
s'nmna balance measures Actually it is the weight of the body 

and the weight of the ‘.‘weights ” which are balanced by the common 
balance, but, as both pans are in practically the same place, equality 
of weights indicates equality of masses. It follows that the sprippr 
tyalance will compare masses so long as it is used in one place only. 

An important difference between mass and weight is seen when we 
consider bodies at different places. Moving a body from one place to 
another will not alter the amount of matter in it, so that we can 
say that the mass of a body is constant. The weiprht of a body. 
^ ^owe^j does vitry with its podtion. The gravitational attiactig n* 
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between two bodies becomes less as the distance between them 
increases, so the weight of a body decreases as it, gets further from 
the centre of the earth, and a very sensitive spring balaiyje would 
show a difference between the weight of a body at the bottom 
►f a mountain and the weight of the same body at the top of the 
mountain. This difference would not be shown by the common 
balance since, while the weight of the, body would decrease as 
was carried up the mountain, the weight of the ** weights** which 
balance it would decrease to the same amount, so that they would 
still give balance at the top. 

Measurement of Forces 

Since the weight of a body is a force, units of weight may be used 
as units of force. a force of 8 lb. wt. we mean a force equal to the" 
gravitational pull of the earth on a mass of 8 lb. It will be realised 
that such units are not constant and that a for^ of 8 lb. wt. at one 
place on the earth’s surface 
may not be equal to a lorc e 
o? 8 ^b. wt.. at another place. 

Such variations from place 
to place on the earth’s 

surface are small, and . jq 

engineers, on whose cal- 
culations thc5y would have little effect, find it convenient to use 
gravitational units of force for practical purposes. 

When a body is raised, the force to be overcome is its weight, so a 
force equal to its weight must be used. For example, to raise a mass 
of 7 lb. will require at least a force of 7 lb. wt. When other 'kinds of 
movement take place, the force to be overcome is not the weight 
of the body. For example, when an engine draws a train such forces 
as the friction between the wheels and the axles and the resistance of 
tiie air are being overcome Tke force necessary to do this may be 
measured by coupling tLe train to the engine by a very strong spring 
which has been graduated by hanging known masses from it. If. when 
the engine moves the train, the spring is stretched as much as wheji 
a mass of 15 tons is hung from it, the force exerted on the train is 
15 tons weight. A spring used in this way for measuring forces is 
often referred to as a dynamometer. 

On following page are suggestions for measuring forces in certain 
ca^s in the laboratory. 
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(1) Force Needed to Cause a Body to Slide— (a) Attach a 
spring balance to .the body and pull it horizontally till the body just 
slides (Fig. 10). The reading of the spring balance indicates the 
force used. 

(6) Attach a light scale-pan to the body by means of a string 
.passing over a pulley (Fig. 11). Put weights in the scale-pan till the 
body just slides. Their weight indicates the force used. 

(2) Force Needed to Overcome Friction in the Chain and 
Bear Bearings op a Bicycle. — Support the bicycle off the ground. 
Turn the cranks until they are horizontal. Hang weights from one 




pedal until the wheel just begins to turn (Fig. 12). Their weight indicates 
the force used. 


QUESTIONS ON CHAPTER II 

1. Explain carefully what you mean by (a) the mass, and (6) the 
weight of a piece of iron, and how you would measure each. 

2. Why does the weight of a body vary at different places on the 
earth ? Would you expect a body to weigh more or less on the moon 
^lan on the earth ? Give reasons for your answer. 

3. In which of the foUowing places would you expect the weight of ^ 
a brick to be (a) more, and {b) less than when it is at ground level in ? 
London; — The Equator, the North Pole, the top of Snowdon, thq 

^bottom of a. coaf mine *in Kent ? Give reasons. 
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Would any difference be found if the brick were weighed on a 
common balance at each of those places ? Explain., 

4. Explain what you understand by a force. In what units may 
forces be measured? How could the force exerted by a tug-of-war 
Team pulling on a rope be measured ? 

5. State Newton’s First Law of Motion, and give three examples* 
from ordinary experience to illustrate it. 

» 

6. What do you understand by the inertia of a body ? Explain 
three cases in which use is made of the inertia of bodies. 

' 7. Distinguish between the mass of a body and its weight. 

Do you think that it is possible to (a) change the mass of a body 
without changing its weight, {h) change the weight of a body without 
changing its mass ? 

If so, describe how you would produce the change. [L.U. 

8. Describe the spring balance. What exactly is determined when an 
article is weighed ” by a spring balance ? A quantity of tea is bought 
in the latitude* of the equator, a spring balance being used in the 
“weighing.” What would be the difference if the same tea were 
weighed by the same spring balance (1) high up in an aeroplane in the 
latitude of the equator, (2) at the north of Scotland ? 

9. When you buy a pound of tea are you buying a weight or a 
mass? Would a penny weigh more or less at sea level than at the top 
of a mountain ? Could the difference be detected by perfectly accurate 
scales? 

10. Hold the ring of a spring balance in your right hand, and the 
hook in your left, and pull until the reading is 6 lb. wt. Which hand 
is exerting this force ? A boy weighing 100 lb. is standing still. What 
forces are acting on him? 



CHAPTER m 


VOLUME, DENSITY, AND RELATIVE DENSITY 
Density 

When designing a large building or bridge an architect or engineer 
will need to know the masses of iron girders he intends to use so that he 
may plan supports of sufficient strength for them. From his plans he 
can calculate their volumes and, if he knows the mass of a cubic foot 
of iron, simple multiplication sums will give their masses. Similarly, 
in the case of a tank lorry to carry petrol, the mass of the load should 
not be excessive for the strength of the axles, etc., and a knowledge of 
the mass of one cubic foot of petrol would enable the size of tank to 
carry the greatest permissible load to be calculated. These exaipples 
illustrate the usefulness of a knowledge, ofjthe mass per unit volume of 
a substance. That quantity is called the aensity of the suLstanc^ 
Sritist engineers frequently express densities in pounds per cubic foot, 
but in scientific work they are more frequently expressed in grammes 
per cubic centimetre. 

It is evident that it will often be inconvenient to try to obtain 
exactly 1 cub. ft. or 1 c.cm. of a substance in order to find its density, 
but, if both the mass and the volume of any piece of a substance are 
found, its density can be fo^d by dividing the mass by the number 
of units of volume. 

T. Mass 


if, -r 


From , the definition of a gramme (page 8) it follows that the 
density of water is 1 grm. per c.cm. In British units the density of 
water is about 62*5 lb. ^er cub. ft. 

A volume measurement is usually required when a density is to be 
found. Rules for finding the volumes of a number of regular solids 
have probably be^ learned already but, for reference, several of them 
are noted below. 
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Volume of rectangular block = length x breadth X height. 

Volume of cylinder * tt X (radius)* X height. 

yolume of any solid of uniform cross-section = aroa of croBS-section X 
length. 

Volume of sphere — X (radius)*. 

Volume of cone = Jtt X (radius of base)* X height. 

The following relations for a circle should also be known: — 

Circumference -- w x diameter == 2Tr X radius. * 

Area of circle — w X (radius)*. 


should be 
given. It 


2 2 
T' 


used 


IS more 
is some- 





In numerical work the value 
-ier IT unless other directions are 
correct than the contraction 3-14 which 
times used. 

The volume of a piece of solid of irregular shape 
can be found by measuring the volume of liquid it 
, will displace. The story of the discovery of this 
method by Archimedes when he stepped into a brim- 
ming bath is wMl known. Because of his joyful shouts 
of “ Eureka** (*'I have found it’’) in the excitement 
of his discovery, pieces of apparatus for finding 
volumes bv this method are called “Eureka cans. • 

SmflU ones for dealing with rather small aolida do not 
give very accurate results, but bodies from about the 
size of a cricket ball upwards may be measured wit^ 
sufficient accuracy as follows . 

A hole is punched through the bottom of a tin can^ 
large enough to hold the body and a piece of metal 

tube is soldered into this hole so that it comes about 

three-quarters of the way up inside the can (Fig. 13). 13 ^ 

Water is poured into the can until it overflows 
through the tube. When the flow ceases the can will be flUe^ to the 
top of the tube. A measuring jar is then placed below the tube and 
the solid is gradually lowered into the water until it is completely 
covered. The Volume of water which flows ou? into the jar is equal 
to the volume of the solid. / 

Smaller bodies may be more accurately measured as follows. A 
beaker is partly filled with water and the body, tied to a thread, is 
lowered into it. A piece of wire bent as shown in Fig. 14 has one end 
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"I up or down the stand. It is carefully adjusted 

until the point A just touches the surface of the 
water. If you look upwards from just below its 
level, the water surface will act as a mirror. 
When the image of the point just touches the? 
point itself, without overlapping, the point is just 
' . at the surface of the water. Withdraw the solid, 

^ shaking any drops of water clinging to it back 
into the beaker. Find what volume of water 
- must be run into the beaker from a burette to 

bring the surface back to the wire point? This 
will be equal to the yolume of the body. 

The above methods only apply to bodies 
which will sink in water. They may be adapted 
bodies which would float by tying below the 
body a heavy sinker which will drag it under 
I water. In the case of the can, the sinker, but not 

the body, is lowered into the wafer before the 
jar is put in position (Fig. 15), and Ithen 
allowed to pull the body under. In the other method the sinker is 
left in the water when the body is removed. 


Determination of Densities 

(A) Solids. — (1) Solids of regular shape are 
weighed and the necessary measurements for 
calculating their volumes are made. In each case 
jMass 

feives the density. When di mensions 

Volume ■ 

exceed 5 cm.^ measurement with a metre scale , 
estimatinir to the nearest half-millimetre, will 


imensions of 1 to 5 cm. 


should be measured with shde calipers w: 


vernier scales. Dimensions of less than 


should be measured wit 


following experiments are suggested: 
Find the density of wood, using a rectangular 
block about 10 cm. x 6 cm. X 4 cm. Find 
densities of various metals using cylinders about 
•4 cm. high %nd 2 'em. diameter. Find the density 




Fio. 15. 









VOLUME, DENSITY, AND RELATIVE DENSITY 17 


of copper using a length of about 10 cm. of stout copper wire. In 
the last case the wire is a long thin cylinder. Measure its length wiljh 
a metre scale and its diameter with a screw gauge. The diameter 
should be measured in several places along the wire and the measure- 
t^ments averaged in case there are slight variations. 

(2) Solids ' of irregular shape may be weighed and their volumes 
measured by the methods described on pages 15, 16. Glass stoppers, 
iron bolts, large corks, pieces of coal and stone might be used. 

(B) Liquids. — (1) Weigh a small beaker. Run into it a measured 
wiJolume of the liquid from a pipette or burette. Weigh again and find 
the mass of the liquid by difference. Calculate 
the density in the usual way. Densities of milk, 
paraffin, turpentine, and various solutions may 
be found in this way. It is not a suitable 
I method if the liquid vaporises easily or if It 

gives off fumes. 

• 

(2) A density bottle may be used. This is 
a small bottle with a close fitting glass stopper 
' through which a narrow hole is bored from top ,' 
to bottom. If the bottle is filled to the bnm i 
and the stopper dropped in, liquid displaced Ty 
the stopper will be forced out through the hole^ 
and the bottle will be filled to the top of the 
hole. Thus, exactly the same volume of liquid 
is contained by the bottle every time it is filled" 
in this wa v (Fig. 16). ^ Fio. ll. 

Weigh the clean, dry, empty bottle. Fill as 
above with water, wipe dry on the outside and weigh again. Drain 
out the water as completely as possible, fill with the liquid whose 
density is to be found, and weigh once more. Calculate as follows: — 



Mass of empty bottle 

Mass of bottle filled with water ... 
Mass of bottle filled with liquid ... 
From (1) and (2), 

Mass of water which fills bottle ... 
But 1 c.cm. of water weighs 1 grm.; 


= 22*44 grm. 

(1) 

= 74-15 grm. 

^ 

== 80*66 grm. , 

(3) 


... = 51^71 grm. 
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% 

/. Capacity of bottle ... i — 51-71 c.cm. 

From (1) and (3i), 

Mass of liquid which fills bottle — 58*22 grm. ; 

51*71 cxm. of liquid weighs 58*22 grm.; 

/. 1 c.cm, of liquid weighs =1*13 grm., 

i.c. the density of the liquid is 1*13 grm. per c.cm. 


SOME COMMON DENSITIES 
IN Grammes per Cubic Centimetre 


Substance 

Density 

(ORM. PER C.CM.) 

Substance 

Density 
(grm. per c.cm.) 

Aluminium 

2-6 

Lead 

11-4 

Brass 

8*6 

Marble 

2-6 

Brick 

1-4-2-2 

Silver 

10-5 

Copper 

8-94 

Zinc 

71 

Glass 

2-6 

Alcohol 

* 0-8 • 

Gold 

19-3 

Glycerine 

1-3 

Iron (cast) 

7-7-7 

Mercury 

13-6 

Iron (wrought) 

7-8 

Petrol 

0-0 


The above densities may be expressed in pounds per cubic foot by multiplying 

each by 62*5. 


. 

6 


1 1 



1 

1 

1 



1 

1 

1 

9 * 

1 ' 


1 

1 

1 

1 



1 

1 

1 

1 

• 

Jl 


- 6 " 

Feo. 17. 


Examples. — (1) An iron girder has a cross- 
section of shape and dimensions as shown in 
Fig, 17. It is 30 ft, long. Find its inmss, 
taking the density of iron as 7*5 grm, per c.cm. 


Area of cross-section = 

2 (6 X 1) + (9 X 1) = 21 sq. in. 
Volume = X 30 cub. ft. 


21 16406*25 „ 

Mass = — X 30 X 7*5 X 62*5 = ^ lb. 

144 o 


= 2051 lb. (to nearest lb.) = 18 cwt. 35 lb. 


(2) Bottles each to hold 50 grm. of glycerine 
are to he designed. What must he the capacity 
of each? 
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Note* Since density is maes of unit volume, the number of times it is contained 
in a given mass will be the number of units of volume in that mass. Volume = 
Mass • • 

Density * 

Density of glycerine =1*3 grm. per c.cm.; 

^ /. Volume of 50 grxn. of glycerine = ^ ^ ~ 38-5 c.cm. 

(3) A yellow metal ornament weighs 2125 grm, and will displace 250 
c.cm. of water. Is it made of gold? ^ • 


2125 




Density of metal = = 8*5 grm. per c.cm. 

But density of gold is 19*3 grm. per c.cm.; 

The metal is not gold. 

Relative Density 

• In many cases, instead of dealing with the density of a substance, 
it is preferable to consider the number of times the substance is as dense 
as water. This is called the Relative Density or Specific Gravity of 
the substhnce.* 


Density of substance 

Relative Density — — _r — -r — 

Density of water 


it. 


Since the density of water is 1 grm. per c.cm., the relative density 
of a substance will be represented by the same number as its density 
in grm. per c.cm., e,g. the density of lead is 11-4 grm. per c.cm.; 

11*4 grm. per c.cm. 


Relative density of lead = 


= 11*4. 


1 grm. per c.cm. 

Note that the relative density is just a number since if only says 
how many times the substance is as dense as water. 

If masses of equal volumes of a substance and of water are known 
we may write ; — 

Density of substance 


Relative density of substance = 


Density of water 
Mass of substance 
Volume 


Mass of water 
Volume 


Mass of su bstaye 
Mass of water 


Relative density of a\ __ Mass of any volume of the substa nce 
* substance J Mass of an equal volume of water 
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This makes the finding of the relative density of a substance much 
simpler than the fijading of its density, since no actual measurement 
of a volume is required, but only the finding of the mass of a quantity 
of water which has the same volume as the substance which is weighed. 
Thus from the results on page 17 the relative density of the liquid ’ 

might be calculated as follows: — 

« 

Mass of liquid = 58*22 grm. 

Ma& of an equal volume of water = 51*71 grm.; 

58*22 

Relative density of liquid = •- - = M3. 

Dl'71 

The density bottle may be used for finding the relative density of a 
solid in small pieces, e.g, lead shot, in the following way. 

Fill the bottle with water and weigh it. Place some of the shot on 
the pan with the bottle and weigh again. Now place the shot in the 
water in the bottle and replace the stopper. A volume of water equal 
to the volume of the shot will have been displaced from the bottle. 
Weigh again and record your results as below. * . 

Mass of bottle filled with water = 75*4:6 grm. ...(1) 

Mass of bottle filled with water + shot outside = 128*23 grm (2) 

Mass of bottle with shot inside = 123*59 grm. ..,(3) 
From (1) and (2): — Mass of shot = 52*77 grm. 

From (2) and (3) : — Mass of water displaced = 4*64 grm. 

Since the shot and the water displaced had the same volume; — 

52*77 

Relative density of lead = ^ = 11*4:. 

Other methods of finding relative densities are given in Chapters X. 
and XII. From the relation:— 

Mass of substance 

Relative density = ^ = — = — — 

Mass of an equal volume of water 

it\oUows that the result will not depend on the units of mass used, so 
long as the same unit is used for both masses, e.g, if the masses recorded 
above had been taken in ounces, the result would still be 11*4. 

The density of a substance in pounds per cubic foot may be found 
^natita relative aensity by multiplying by 62*5, e.g. if a substance has 
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a relative density of 7, it is 7 times as dense as water. But the density 
of water is 62-5 lb. per cub. ft.; the density of the substance is 
62*5 X 7 lb. per cub. ft. 

' . . ^ „ f (-T' ^ ‘V/ 

QUESTIONS ON CHAPTER^ III 

Use the table of densities on page 18 when necessary. 

1. Calculate densities in the following cases:— * 

150 c.cm. of iron weigh 1100 grm. 

60 cub. in. of wood weigh 1 J lb. 

75 c.cm. of salt solution weigh 82*5 grm. 

A brick 9 in. X in. X 3 in. weighs 6 lb. 

2. Calculate masses of: — 

6 cub. ft. of marble. 

96 c.cm. of mercury. 

1 gallon of petrol. , 

. A lead cylinder 10 cm. long and 3 cm. in diameter. 

•3. Calculate volumes of : — 

1 kilog. of mercury. 

1 cwt. of lead. 

700 grm. of alcohol. 

4. A good quality milk has a density between 1*029 and 1*033 
grm. per c.cm. How would you expect its density to change if 

(а) cream was removed from it, (6) water was added to it ? 

200 c.cm. of a sample of milk were found to weigh 209 grm. What 
had probably been done to it ? 

5. A piece of white metal weighs 109*34 grm. and displaces 15*4 
c.cm. of water. Of what metal does it probably consist ? 

6. Describe fully how you would find the density of (a) cork, 

(б) common salt. 

7. A coil of copper wire of diameter 1*2 mm. weighs 150 grm. 
What length of wire is in the coil ? 

8. From the following data calculate the density of turpentine. 

Mass of empty beaker 15.2 grm.^ 

Burette readings: — 

(а) before running turpentine into beaker ... =1*3 c.cm. 

(б) after running turpentine into beaker ..j =24*6 c.cm. 

. Mass of beaker and turpentine ’ ... = 35*5 grm. 
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9. 10 grm. of paraffin-wax of density 0-89 grm. per c.cm. were 
melted with 15 grm. of beeswax of density 0*96 grm. per c.cm. 
Calculate the density of the mixture when it had solidified. 

10. A trench 4 ft. wide, 9 ft. deep, and 50 yd. long is to be dug. 
The average density of the soil is 150 lb. per cub. ft. Calculate to the 
nearest ton the mass of material to be removed. 

11. An empty density bottle weighs 20*24 grm. When filled with 
water it weighs 72*75 grm., and when filled with sulphuric acid it 
weighs 116*86 grm. 

Find: {a) The capacity of the bottle in c.cm. 

(5) The relative density of sulphuric acid. 

(c) The mass of 10 gallons of sulphuric acid. 

12. A cylindrical oil tank is 20 ft. deep and 10 ft. in diameter. 
It is filled with oil of specific gravity 0*89. What mass of oil does it 
contain? Answer to nearest ton. 

13. A density bottle filled with water weighs 77*59 grm. 10*25 
grm. of glass beads are put into it and the stopper replac.ed. The 
total mass is then 83*74 grm. Find the relative density of the glass. 

14. A box made of elm wood of specific gravity 0*55 weighs 100 lb. 
What would be the mass of a similar box made of oak of specific 
gravity 0*85? 

15. “ The relative density of a sample of methylated spirit is 0*82.*' 

Explain the meaning of this statement and describe an experiment 

by which you could verify it, being supplied with a physical balance 
and any other apparatus you may require. [L.U. 

16. Define sjyecific gravity. 

How would you find the specific gravity of glass if you were provided 
with a short length of glass tubing and any other necessary apparatus ? 
Explain your method. 

If the specific gravity of window glass is 2*6, find the weight of a 
pane which is half a metre square and 3 mm. thick. [L.U. 

17. Distinguish between the density and the specific gravity of a 
substance. 

A specific gravity bottle weighed 24*20 grm. when empty, 67*81 
gi^. when filled with turpentine, and 74*20 when filled with distilled 
wateir. What was the specific gravity of the turpentine ? 

Tl^ same bottle, cleaned and dried, had a little salt added to it. 
It then weighed 27*70 grm. Turpentine was poured in carefully so as 
^just to fill the bottle. The total weight was then 69*91 grm. Calculate 
.the n^ific gravity of the salt. ^ [J.M.B. 



CHAPTER IV 

MOTION 


Speed 

In Chapter II. the word “ speed ’* was used a number of times 
without exact definition. By the speed of a body we mean the rate 
at which it travels through space. It is measured in such units as 
miles per hour, feet per second, anJ centimetres per second, t.e l bv the 
distan ce travelledjn a unit of time. If the speed of a body is uniform, 
it is determined by finding the distance travelled in any given time 
and applying the relation 

„ j Distance travelled 

®Peed=— ximeTak^* 


When the speed varies from moment to moment, the speed at any 
particular moment is the distance that would be travelled in a unit of 
time if the speed at the moment were maintained for that unit of time. 
Later paragraphs will show how such momentary speeds can be deter- 
mined in certain cases. 


Velocity 

“ Velocity ” has a meaning similar but not identical to* ** speed.” 
If six boys each started to walk from school at the same time and 
walked at the same speed along different roads for an hour, they would 
all travel the same distance, but their positions at the end of the hour 
would probably be very different. To determine the position at which 
a moving body arrive ^ we need ta tjhA dir^rtinn nf ita -TOfttinn 

The term ye lcwity^mdicates speed^^ m a g^iven ^ 
[ay spealc of a %looiiy^^^ 6 mL per iir. towards 
the hortBl or a velocity of 50 cm. per sec. along a given straight me. 
A change of either speed or direction of motion is a change of v|^ocity. 
A car travelling round a circular track at a uniform speed would have 
a constantly changing velocity because, at each instant, its direction of 
jnotion would be altering. 


directionVy Thus we 
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Acceleration 

, In connexion with motor cars, trains, etc., the word j accel eration ” 
is used to denote increase in speed^X ^d slowing down is often referred 
to, as retardatigm / In mecliamcs ady ot velocity is called an 

acceleration, ^retardation being regarded as a negative accelerat ion. 
Change of direction also involves acceleration, even though there is 
no change of speed. The car mentioned at the end of the last para- 
graph would bfr undergoing continuous acceleration because its velocity 
is changing continuously. 

Acceleration is measured by 
Suppose a tram on a long nat s 
graduaUy increases its velocity so that, at the end of each second after 
starting it has the velocities shown in the table below. 



Time 

0 

1 

2 

3 

4 

! 5 

1 

1 

; sec. 

1 

Velocity | 

,0 

2 

4 

6 

8 

10 

1 « 

ml. per hr. 


In each second its velocity has increased by 2 ml. per hr., so it is said 
to have undergone an acceleration of 2 ml. per hr. per sec. As 2 ml. 
per hr. is approximately 2*9 ft. per sec., this acceleration might be 
written 2*9 ft. per sec., per sec., which is often abbreviated to 2*9 ft. 
(per sec.)*. 

Uniform Velocity and Uniformly Accelerated Motion 

(1) Uniform Velocity. — Consider a body moving with a uniform 
velocity oJ 2 ft. per sec. For the first ten seconds of its motion the 
following figures could be obtained: — 


Time 

0 

1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

sec. 

Space described 

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

ft.' 


Xrhese could be plotted into a “ space-time ” graph as shown in 
Fig. 18. It will be observed that the graph is a straight line. The 
distances represented by PQ and YZ are travelled in times represented 


tU' JK) and XZ reiipectively. 


Hence 


PQ 

OQ 


YZ 

XZ’ 


since each fraction is 
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equal to the velocity which is constant. Conversely, had the space- 
time graph been given, the velocity could have been found by taking 
the ratio of any pair of cor- 
responding lines such as YZ 

^and XZ. a / 


(2) Uniformly Acceler- ^ 
ATED Motion. — Allow a 
marble to roll down a groove 
in a slightly sloping board 
which is 8 or 9 ft. long. It ^ 
will gain speed, i.e. undergo > ' 
acceleration as it rolls. Set m 
up a metronome to beat half 
seconds. Release the ball at 
the top of the groove as one 
beat is heard and mark the 
point it iias i^ached as the 
next* beat is heard. Measure 
the distance it rolled in the 
first half second. Repeat 
several times and take the 
average of the distances 
recorded. In a similar way 



SECS 

TIME 
Fig. 18 . 


find the distance travelled in 1, IJ, 2, 2|, 3, etc., seconds. Such an 
experiment gave the table below. 


Time 

0 

h 

: 1 

n 

I 

2 


3 


4 

1 sec. 

1 

Distance 

0 

1-35 

5-40 

12-15 

21-60 

33-75 

48-60 

66-15 

86-40 

in. 


These figures plotted into a graph give the curve of Fig. 19. 

PQ 

We cannot in this case take the ratio as meaning the velocity, 

since it was different at different moments between the times represented 
at 0 and Q. Between the two points X and Y the curve is almost 


straight so we may say that between the times 2^ and 3 seconds the 

YZ 

' velocity was almost constant and equal to A^ the beginning of 
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tliis interval the velocity would be slightly less than this, and at the 
end slightly more, so at some instant in between, which may be taken 
as half-way between, the velocity would have this value. Thus we 


may say that at the time 2J sec. the momentary velocity was 


XZ' 


i= 29’7 in. per sec. Similarly velocities at other instants may be 
obtained and the following table constructed: — 


Time 

i 

1 

li 

li 

n 

23 

H 

3f 

Velocity 

2-7 

8-1 

13-5 

18-9 

24-3 

I 29*7 

35*1 

40*5 


ins, 



These numbers plotted into a velocity-time graph give Fig. 20. 
This is a straight line showing that in equal intervals of time equal 
increases of velocity occur, i.e, the acceleration was uniform. 

’ In the time represented by RS the velocity increased by an amount 
represented by ST. Therefore the rate at which the velocity increased 
ST 

is^equal to -gg = 10-8 in. (per sec.)*. The graph also shows that. 


during the 4 sec. considered the velocity increased uniformly from zero 
to 43-2 in. per sec. Therefore the average velocity during the interval 
0 + 43-2 . i 

— - — in. per sec. = 21'6 in. per sec. In 4 sec. a body movmg 

''2 ( • 
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r 


with a uniform velocity of 21-6 in. per sec. wo\ild travel 21*6 X 4 = 86*4 
in., which Fig. 19 shows to have been the distance actually travelleji 
by the marble. Thus wo arrive at two important conclusions regarding 
a body moving with uniform acceleration. 

(a) The average velocity during any interval of time 


Velocity at beginning + Velocity at end of interval 
2 


(b) Distance travelled in any interval = average velocity X time. 


Equations of Motion 

Equations (a) and (b) enable many simple problems on uniformly 
accelerated motion to be solved as in the following examples: — 

(1) A body, starting from rest, travels for 10 sec, with an acceleration 
^ fl- scc.)2. Find its Jinal velocity and the distance it covers in 
10 sec. 

• The velocity increases by 5 ft. per sec. in 1 sec.; 

ill 10 sec. it increases by 5 X 10 = 50 ft. per sec. 

Final velocity is 50 ft. per sec. 

Since initial velocity was zero, average velocity was ft. per sec,; 
Distance covered in 10 sec. = x 10 = 250 ft. 


(2) A motor car travelling at 30 ml. per hr. is brought to rest with a 
uniform loss of speed in 5 sec. by the application of the brakes. Find the 
acceleration produced by applying the brakes and the distarice the car 
travels after their application. 

30 ml. per hr. = 44 ft. per sec. 

A velocity of 44 ft. per sec. is uniformly reduced to zero in 5 sec. 

/. the acceleration = — — 8«8 ft. (per sec.)®. 

0+44 

Average speed after application of brakes = — = 22 ft. per sec. ; 

/. Distance covered in 5 sec. = 22 x 5 = 110 ft. 

Problems can often be solved more neatly by using certain equations 
which can be proved by using the above prineiples.^ 
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Let a body undergo a uniform acceleration off units. In t seconds 
its velocity will increase by ft units. Therefore, if it started from rest 
its velocity v after t seconds will be given by 

(i)r 

and, starting from a time when its velocity was u units, t seconds later 
its velocity will be given by 

v = u+ft (2) 


A body to which Equation (1) applies will have had an average velocity 
of /i/2 units during the t seconds considered. Therefore the distance s • 
it travels during those t seconds is given by 



or 


« = (3) 

If Equation (2) applies, the average velocity for t&e t seconds is 
w + (m +./i!) _ 2 m +ft 


and BO 


i.e. 


2 2 
s = (m + ^fl) X t, 

s = ut+ \ffi .. 


— M + \ft 


•(4) 


V w 

The average velocity may also be written - — ; 

v + u 

= XL 


From Equation (2) 


V — u 

~~r' 

V U V — u 

2 ^ ■/ = ~if~' 

.’. = 2fs 


.(5) 


iples (1) and (2) above may be worked as follows by using 
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(1) Using equation v = ft, 

V = 5 X 10 = 50. 

Using equation s = ^ft\ 

s = J X 5 X 10* = 250; 

Final velocity is 50 ft. per sec. and distance travelled 250 ft. , 

(2) Initial velocity = 30 ml. per hr. = 44 ft. p%r sec. Final 
velocity = 0. 

Using equation v = u ft, 

0 = 44 + 5/; .-.5/= -44; /. /=-8-8. 

Using equation s = ut \ft^, 

s = (44 X 5) + i (- 8-8 X 5*) = 220 - 110 = 110; 

/, The acceleration was — 8-8 ft (per sec)* and distance travelled 
luring braking was 110 ft. 

The following example illustrates the use of Equation (5): — 

A body undergoing uniform acceleration has its velocity increased 
from 20 cm, per sec, to 50 cm. per sec., while it travels 100 cm. What is 
its acceleration and how long does it take to travel the 100 cm.? 

Using equation — u^ ~ 2fs, 

50* - 20* = 2/ X 100; /. 200/= 2500 - 400 = 2100; 

/=10-5. 

Using equation v = u + ft, 

50 = 20 + lO-bt; 10-5« = 30; t == 2-38; 

/. The acceleration is 10-5 cm. (per sec.)* and the time 2*38 sec. 

Blotion Due to Gravity 

It is well known that different bodies released from the same height 
bake different times to fall to the ground. A little investigation will 
show that air resistance is largely responsible for this. A sheet of 
paper held horizontally and released falls much more slowly than if it 
is rolled into a tight ball and then dropped. Also, if a small piece of 
tissue paper and a penny are held side by side and d/opped, the penny 
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falls more quickly than the paper. If, however, the paper is placed on 
the penny and the latter dropped so that it remains horizontal while 
falling, the two will fall together. In this case the penny experiences 

air resistance but 

A shields the paper ^ 

H from it. 

H The last ex- 

II periment suggests 

II that all bodies 

might fall at the 
same rate in 
I vacuum. That 

W I bodies of different 

I I weights could fall 

jj I at the same rate 

Y I shown by 

I I Galileo (1564- 

™ 1642) who drop- 

ped metal balls, 
one weighing ten 
times as much as 
the other, at the 
same moment 
from the top of 
the Leaning Tow- 
er of Pisa. The 
balls struck the 
ground together. 
Later, Newton 
(1642-1727) show- 
ed that a feather 
and a golden coin 
would fall at the 
same rate in 
Pio. 21. ^ a vacuum by 

arranging so that 

th^ could be released at the same moment at the top of a long tube 
fcom which the air had been pumped. 

Jj^v^reaistance'has little effect on the falling from moderate heights ' 
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of bodies of compact shape made of dense materials, and so long as 
we confine our attention to such cases it may be neglected. 

It is obvious that a body such as a stone is accelerated as it falls* 
The magnitude of this acceleration may be found by the apparatus 
Cillustrated in Fig. 21. In this an electromagnet is supported on a tall 
rod fixed vertically on the side of a box containing a gramophone 
motor. On the turntable is a disc of cork carrying a circulai* 
card divided into sectors. When the motor is running freely one 
sector will pass a point near the edge of the disc each hundredth of a 
second. 

There is a gap in the electrical circuit controlling the magnet which 
can bo closed by resting a metal ball on two metal plates. With the 
ball in position a dart with an iron cap is suspended from the magnet 
as shown. The motor is started and, when it has attained its steady 
speed, a pivoted arm attached to the disc is flung over and knocks the 
ball away. This breaks the circuit and releases the dart just as the 
zero line on the scale is passing below its point. When the dart has 
stuck in the cork mat the motor is stopped. The number of sectors 
betw*oen the zero line and the point where the dart struck the card 
gives the number of hundredths of seconds taken by the dart in falling. 
As it is possible to estimate tenths of sectors, the time can be measured 
to the nearest ^ of a second. The distance the dart fell can be 
found by measuring the height from the turntable to the point of the 
dart while it is hanging on the magnet. The experiment should be 
repeated a number of times and the average of the times recorded 
should be taken. 

The height of the electromagnet on the vertical rod may be adjusted 
so that a series of measurement's of times taken to fall varying distances 
may be made. Assuming that the acceleration is uniform we can use 
the equation s — to calculate a value of / from each set of measure- 
ments made. An approximately constant value for / will be found 
showing that the assumption of uniform acceleration was correct. 
A(>curate experiments show that the acceleration of a falling body 
near sea-level at about the latitude of London is approximately 
32 ft. (per sec.)^ or 980 cm, (per sec.)*. This is referred to as the 
acceleration due to gravity ^ and is usuilly represented in formulae 
by the symbol Thus the equations of motion proved in the 

previous section may be applied to falling bodies, g being substituted 
‘for/. 
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Examples. — (1) A atone dropped from the top of a diff takes 6 sec, 
to reach the ground l)elow. What is the height in feet of the cliff? 

Using equation s = \gt^, 

s = i X 32 X 62 = i X 32 X 36 = 576; 

/. Height of cliff is 576 ft. 

(2) A bullet is fired vertically upwards^ leaving the rifle with a velocity 
of 800 ft. per sec. Find {a) the height to which it rises, and (h) the time 
taken for its ascent. 

In this case tliero is a negative acceleration as the bullet rises and its highest 
point will be reached when iU upward velocity is reduced to zero. 

Using equation v = u + (— g)t, 

0 = 800 — 32«; /. 32« = 800; /. t = 25. 

Using equation s = «« -I- i (- ^) 

« = (800 X 25) - (i X 32 X 25*) = 20000 - 10000 = 10,000ft.; 

/. Time of ascent is 25 sec. and bullet ascends 10,000 ft. 

(3) How far will a stone fall during the fifth second* of falling Jrom 
rest? 

Using equation s = \gt^. 

For 4 sec. 5 = ^ X 32 X 4* = 256. 

For 5 sec. « = X 32 X 5* = 400. 

During fifth second stone falls 400 — 256 = 144 ft. 

Force and Acceleration 

The action of a force is necessary to produce any change in the 
motion of a body and so any acceleration must be associated with a 

force producing it. 

The relation between 
force used and accelera- 
tion produced may be 
found by use of the 
trolley illustrated in 
Figs. 22 and 23. The 
trolley is about 8 in. 
long and is fitted with 
two springs Vi and Vj, 
each of which makes a * 



MOTION 


complete vibration in 


1 

TTT 


sec. Vg carnes 


c 

V, 



a 

Q=±!=flg 

•xtmumm-* 

F • 


V. 






Fig. 23. 


an inked brush which 
just touches the 
f surface over which 
the trolley runs. Vj 
acts as a balancer 
to prevent irregular 
movements of the 
trolley being caused by the vibrations of V^. AB is a draw bar. The 
attachments to AB may be used to measure the pull on the trolley, 
but for present purposes may be neglected. The mass of the trolley 
may be varied by inserting lead blocks of known weight into a slot in 
its side. 

The trolley is placed on a sheet of paper and attached to a light 
weight pan by means of a cord passing over a pulley as in Fig. 11. 
The two vibrators are pinched together and suddenly let go. The 


oVWWV W VV^ V V 


Fig. 24. 


weight pulls the trolley forward, and the vibrating brush traces out a 
wavy line as in Fig. 24. If a straight line is drawn down the middle 
of the wave trace, spaces marked off on it by each complete wave show 
the distance the trolley travelled in each sec. The lengthening out 
of the waves as the trolley proceeds shows that the trolley undergoes 
acceleration. * , 

If the end of every fifth wave is marked off — points 1, 2, 3, etc. — 
the distances between these marks were travelled in successive half- 
seconds. Thus in 0-5 sec. the trolley travelled the distance 01; in 
I sec. the distance 02, and so on. Thus the distance 04 was travelled 
in 2 sec. Suppose this distance to be 32-5 cm. 

Using equation s = 

32-5 = i/ X 22 ; /. 2/ = 32-5 ; /. / = 16-25 ; 

.*. The acceleration was 16-25 cm. (per sec.)*. 

As the actual starting point of the trace is difficult to determine it 
is better to measure two distances from the same point, such as 1-3 and 
’ 1-4. Let these be 16*3 cm. and 30*4 cm. respectively! These distances 


QKN. PHT. 
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were travelled in 1 sec. and 1-5 sec. respectively, but there was an 
unknown velocity u at the beginning of each of these periods. 


Using equation s = 

For first distance 16*3 = (u X 1) + (J/ X 1®), 

16‘3 = u \f (1) 

' For second distance 30*4 = (u x 1*5) + (if x 1 * 52 ), 

t.e. . 30-4 = l*5w + 1-125/ (2) 

Multiplying (1) by 1-5, 24-45 = l-5ii + 0-75/ (3) 

Subtracting (3) from (2), 5-95 = 0-375/; 




be found that 


/. The acceleration was 15-9 cm. (per sec.)^. 

In this way determine the accelerations produced by various 
weights in the pan, keeping the mass of the trolley constant. It will 
Acceleration . Acceleration 
Wright inTan’ approximately 

constant. From this it follows that the acceleration produced in a 
body is proportional to the force exerted op hmiy 

It should be noted that the weights in the pan do not quite accurately 
measure the force exerted on the trolley since part of their weight is 
used in causing their own motion. This error is not large if the mass 
of the weights is small compared with the mass of the trolley. 

A further set of experiments may be carried out, varying the mass 
of the trolley but keeping the weight in the pan constant. It will be 
found in' this case that acceleration x mass is a constant. That 
means that, if the mass is multiplied by any number, the acceleration 
is divided by the same number. A short statement for this is that 
the acceleration is inversely proporttonal to the mass. . 


Newton’s Second Law 

The two results of the preceding section may be combined to give 
the equation: — 

« Mass x Acceleration 

— = ^7“= = a constant. 

Force applied 

This may be verified by further trolley experiments in which both 
the mwss of the ttolley and the weights used to set it in motion are ’ 
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varied. The equation shows that the farce necessary to produce a 
gyen acceleration in a body is proportional to the product of the maaa 
ox the body and the acceleration uroduced. 

"TET aoove statement expresses the second of the laws of motion 
Tifhich were enunciated by Newton. 

Absolute Units of Force 

r Mass X Acceleration . • , * 

In the equation — , - = a constant, the value of 

Force applied 

the constant will depend on the units used in measuring the quantities 
on the left-hand side. If we decide to consider that one unit of force 
has been used when one unit of mass has been given one unit of 
acceleration, the value of the constant becomes 1 and we can write 

Mass X Acceleration == Force. 

This enables units of force to be defined which, unlike the gravitational 
units previously used, are constant since they are based on mass and 
not on wdght.» Such units are called absolute units. The absolute 
unit of force in the Metric System is the dyne, which is the force 
necessary to impart an acceleration of 1 cm. fner sec.^* to a 
1 grm. In tlie British System the absolute unit is the poundal. which 
is the force necessary to impart an acceleration of 1 ft. (per sec.l^ tp 
a mass of 1 lb. Thus, to give a car weighing 10 cwt. an acceleration^ nf 
5 ft. (per sec requires a force of 10 x 112 5 nndl. 

The relation between the gravitational and absolute units of force 
may be obtained by consider^g a falling body. Thus a mass of 1 lb. 
falls with an acceleration of g ft. (per sec.)*. The force producing this 
acceleration is its own weight, i.e, 1 Ib.-wt. But, from the definition 
above, the force required is 1 X g pndl. Hence 1 Ib.-wt. = g pndl. 
Similarly, by considering a mass of 1 grm., we find that 1 grm.-wt. 
~ g dynes. 

Thus taking the appropriate values of g for sea-level at the latitude 
of London, it may be said that approximately 1 Ib.-wt. = 32 pndl. 
and 1 grm.-wt. = 980 dynes. 

Example. — A car weighing 1 ton starts from rest on a level road and 
is uniformly accelerated so ttwU its speed is 30 ml. per hr. after 10 sec. 
Find the force exerted on it. Answer in both absolute and gravitational 
units. * 
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30 ml. per hr. = 44 ft. per sec.; 

J. Acceleration = ft. (per sec.)*. 

Force = Mass x Acceleration = 2240 X 4*4 == 9856 poundals. 
9856 poundals = -f = 308 Ib.-wt. 


.Newton's Third Law of Motion 


This law states that to every action there is an equal and opposite 


s means that when one bo 


the second exerts an equal and opposite foree on fimf. Thus, 


when you draw a heavy trolley by means of a string, you can feel a 
backward pull of the string on your hand. If two spring balances, 
pointing in opposite directions, were linked and attached to the string, 
when the pull was given through them both would give the same 
reading, showing that the two opposite pulls are equal. Again, if you 
hold a stone in your hand, it is exerting a downward force equal to its 
weight on your hand. Your hand must be exerting an equal upward 
force on it to prevent it from falling. Similar reasoning will indicate 
that, if the stone is lying on a table, the table must be exerting an 
upward force equal to the weight of the stone on the latter. It should 
be particularly noted that, whenever a body is resting on a support, 
the latter exerts on the body a reaction equal and opposite to the force 
exerted on the support by it. 


Momentum 

It has been shown that, in absolute units, force = mass X accelera- 
tion. Now acceleration is rate of chang# of velocity so we may write 
force = fate of change of (mass X velocity). For this reason, in the 
case of a moving body, the product: — 

Mass of body x Its velocity 


is often said to measure its quantity of motion, and is called the 



Consideration of momentum is important in connexion with 
problems on blows and action and reaction between moving bodies. 
At the seaside, or in connexion with bridge building, you may have 
mn huge beams" of wood, called piles, being driven into the ground^ 
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by a pile driver. A heavy weight is raised by means of a rope passing 
over a pulley and then released so that it falls on the head of the pile. 
In falling it acquires a considerable momentum. When it strikes the 
jDile it meets with a resistance which quickly brings it to rest. Thus its 
momentum is lost at a very great rate and consequently a very great 
force is exerted on the pile. , 


Example. — A pile driver weighing 300 lb, falls through 16 ft. and is 
brought to rest in ^ sec. after striking the pile. Find the force on the pile. 

Using equation s = ^gt^, 

16 = i X 32 X t^; = 1 ; t -- i. 

Using equation v =ft, 

I? = 32 X 1 = 32; 

/. Velocity on striking pile is 32 ft. per sec. 
and Momentum = 300 X 32 ft. -lb. units; 

300 y 32 

^Rate at i^hich momentum is lost = — units per sec. 

5 

/. Force exerted = 300 X 32 X 5 = 48,000 pndl. or 1500 Ib.-wt. 
This is the force of the blow, but the total force will also include 
the weight of the driver, so that 

Total force exerted = 1800 Ib.-wt. 


It should be clear from this example that the rapidity with which 
momentum is destroyed is a big factor in producing an effective blow. 
You may have experienced this if you have tried to drive a. nail into a 
springy board. The “ give '' of the board causes the momentum of 
the hammer to be destroyed much less quickly than in the case of a 
firm board, so that each stroke has much less effect on the nail. 

When you are sliding on ice, if you overtake someone sliding more 
slowly and clasp him so that you go on together, your velocity will be 
less than it was before, but greater than that of the one you have 
overtaken, i.e. you have lost momentum and he has gained momentum. 
If your weights and the various velocities were measured it would be 
found that your combined momentum after “ coalescing ’’ was equal 
to the sum of your separate momenta before the collision. This is an 
example of ^he Law of Conservatim of Momem m. which states tlmt 
4he total momentum in a given direction of a set of bodies remaiafi 
constant if no external force acts on them. 
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In applying the law of Conservation, momenta in opposite directions 
must be taken to have opposite signs. Thus, if two sliders going in 
opposite directions with equal momenta collide, presuming they keep 
their feet, they will both come to a dead stop, for if the momentum of 
one is x units, that of the other is — 2 C units, and the sum is zero; so*"' 
^that the two, joined into one “ body,” will have no momentum. 
Again, if two of you stand back to back on a slide and push off from 
one another, you will move off from one another with equal momenta, 
i,e. the lighter will move off with the greater velocity, so that mass X 
velocity is the same for both. In this case the pair of you had no 
momentum before pushing off, so when you begin to move you must 
have equal and opposite momenta for your total momentum still to 
be zero. 

Examples. — (1) In shunting^ a detcLched truck weighing 20 tons and 
moving with a velocity of 20 ml. per hr. overtakes a truck weighing 35 tons 
and moving in the same direction at \0 ml. per hr. With what velocity , 
will the two go on together? {Neglect frictmi, etc.) 

Momentum of 1st truck = 20 x 20 ton-ml. units , 
Momentum of 2nd truck = 35 x 10 ton-ml. units; 

Total momentum = 750 ton-ml. units 
Total mass = 55 tons ; 

Velocity after collision = = 13-6 ml. per hr, 

(2) If the trucks in the above example were moving in opposite directions, 
what would he the velocity after collision and in what direction, would the 
final motion he? 

Taking tlie direction of the first truck as positive. 

Momentum of 1st truck = 400 ton-iUl. units. 

Momentum of 2nd truck = — 350 ton-ml. units; 

Total momentum = 50 ton-ml. units. 

Since this is positive, the direction of motion would still be that of 
the first truck. 

The velocity would be = -91 ml. per hr. 

(3) A projeetile of mass 150 lb. leaves a cannon of mass 6 tons with a 
vdodty of 1200' ft. per sec. With what velocity does the cannon recoil? 

* ^^i^)4&4his case, by Newton’s Third Law, the force exerted on the cannon ‘ 
equal to 'that exerted on the projectile so that they will move . 

At the moment of firing projectile and cannon together have.nO 
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momentum so they must move apart with equal momenta in order 
that the sum of the momenta will remain zero. Owing to the much 
greater mass of the gun its velocity will be much less than that of the 
projectile for an equal momentum. 

Momentum of projectile ~ 150 X 1200 ft.-lb. units.; 

Momentum of cannon = — 150 x 1200 ft.-lb. units; 

. . Velocity of cannon = — 6 X ~ 2*^6 — ~ 

The minus sign indicates that the velocity is in the opposite direction 
to that of the projectile. 

QUESTIONS ON CHAPTER IV 
Take g as 32 ft. (per sec.)^ or 980 cm. (per sec.)* where necessary. 

1. Distinguish between syeed^ velocity ^ and deceleration. Give 
examples to show what is meant by (a) a uniform velocity, (h) a uniform 
acceleration. 


9. The following table refers to ^ases of uniform velocity. Fill in 
the empty spaces. 


Velocity 

Distance 

Time 

6 ft. per see. 

yd. 

1 hr. 

30 nil. per hr. 

264 ft. 

sec. 

cm. per sec. 

1 Km. 

1 min. 

ml. per hr. 

704 ft. 

16 sec. 

30 Km. per hr. 

cm. 

% 5 Sec. 


3. The following table refers to cases of uniform acceleration. 
Fill in the missing figures. 


Initial 

Velocity 

Final Velocity 

Acceleration 

Time 

Dis- 

tance 

0 

0 

50 ft. per sec. 

10 cm. (per sec.)* 

5 min. 
15 sec. 

• 

0 

] 6 ft. per sec. 
20 ml. per hr. 

45 ml. per hr. 

2 ft. (per sec.)* . 
2*2 ft. (per sec)* 

10 sec. 

5 sec. 

>■ 

200 cm. 

t- 


100 cm. per sec. 


J min. 

21 m. 
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4. The following table refers to falling bodies starting from rest. 
Fill in. 


Distance Fallen 

Time 

Final Velocity 

500 ft, 

sec. 

ft. per sec. 

, m. 

6 sec. 

I cm. per sec. 

1 Km. 

sec. 

1 m. per sec. 

ft.^ 

sec. 

384 ft. per sec. 

ft. 

1 min. 

ft. per sec. 


5. Construct space-time and velocity-time graphs from the 
following table : — 


Time ... 

0 

1 

2 

1 ^ 

4 

5 

6 

7 

8 

sec. 

Distance 

0 

1 

4 

9 

16 

25 

36 

49 

64 

ft. 


From your graphs determine if the acceleration is uniform and, if so, 
what is its value ? 


6. A car starts from rest, accelerates at the rate of 2 ft. (per sec.)® 
for J min., then travels with uniform velocity for a quarter of an hour, 
after which it is braked and uniformly brought to rest in 25 sec. Find 
(o) its maximum velocity, (b) its acceleration after the brake was applied, 
(c) the total distance it travelled. 

7. Describe experiments (a) to illustrate that all bodies fall equal 
distances in equal times in vacuum, (6) to find the value of the accelera- 
tion due to gravity. 

8. The following figures were obtained with the apparatus described 
on page 28. 


Distance dart fell 

100 

90 

80 

70 

cm. 

Time of falling * 

0-452 

0-429 

0-404 

0-378 

sec. 


Find the average value they give for g. 


9. At what velocity must a bullet leave the muzzle of a rifle in 
order to rise 1000 ft. when the rifle is fired vertically ? How long will 
it take to rise to its highest position, and how long to fall again to the 
of the rifle muzzle ? What will its velocity be on reaching that 
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10. An object is seen to fall from an aeroplane and observed to take 
15 sec. in reaching the ground. Assuming that air resistance can be 
neglected, calculate (a) the height in feet of the aeroplane, (b) the 
velocity with which the object strikes the ground. 

11. Describe how you would carry out an experiment to show that, 
when a force is applied to a body, 

Mass of body X Acceleration . ^ 

— j = a constant. 

Force applied ^ 

12. Define dyne and poundal. Why are they called absolute units 
of force ? Explain how they are related to the gravitational units of 
force. 


13. Fill in the spaces in the following table: — 


Mass 

Acceleratjon Produced 

Force Acting 

600 grm. 

20 cm. (per sec.)^ 


I’st. • 

8 ft. (per sec.)2 


• 

15 ft. (per sec.)* 

30 pndl. 


50 cm. (per sec.)* 

250 grm.-wt. 

901b. 


18 Ib.-wt. 

100 grm. 


10,000 dynes 


14. Find the average force in tons- weight required to stop a train 
weighing 200 tons and travelling at 60 ml. per hr^in half a minute from 
the application of the brakes. What distance will the train travel in 
that half-minute ? 

15. A sack of coal weighing 1 cwt. is raised by means of a rope 
passing over a pulley. It undergoes uniform acceleration and rises 
24 ft. in 5 sec. Find (a) its acceleration, (b) the tension (pull) in Ib.-wt. 
of the rope. 

16. Define momentum, and explain why the momentum of a body 
is often referred to as the amount of motion in it. Why does a flying 
bullet give a much more serious blow to a rigid board than to a bag of 
sand? 

17. Find the force exerted by a pile driver which weighs 500 *lb. 
when it is allowed to fall 12 ft. and is brought to rest in ^ sec. 

18. A boy weighing 8 st. and walking at a speed of 4 ml. per hr. 
steps on to a stationary trolley which is free to move in the di^ction 
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in wliicli he was walking. The trolley weighs 80 lb. With what speed 
will it move off as he steps on it ? 

19. A gun weighing 1 ton fires a shot weighing 2 cwt. which leaves 
the gun with a velocity of 1200 ft. per sec. What will be the initial 
velocity of recoil of the gun and what force must be applied to it to 
bring it to rest in a distance of 1 yd. ? 

20. Distinguish between mass, weighty rntymentum^ and inertia. 

Explain how force may be defined and measured from Newton’s 

Laws of Motion. [L.U. 

21. Describe an experiment to show (a) that the weight of a body 

is proportional to its mass, (6) that a body falling freely under the 
action of gravity has an acceleration of 32 ft. per sec. per sec. 
approximately. [L.U. 

22. Explain the meaning of the statement that the acceleration 
due to gravity is uniform, its value being 32 ft. per sec. per sec. 

A weight is dropped down the shaft of a mine. Draw a graph 
showing the relation between distance travelled and time taken, after 
calculating the distance at the end of each complete second up to 
6 sec. From this graph obtain the time taken to reach the bottom if 
the depth is 300 ft. [J.M.B. 



CHAPTER V 
COMBINATIONS OF FORCES 
Scalar and Vector Quantities 

^oantities^suolijasforcea^velocities^andjaccelerations^^diffCTjj^^ 
quantities such asToIumeTanTmasse^n’ having an idea of direction 
as well as magnitude connected with them. Quantities of the forme r 
kind are called vector quantities: those of the latter kind arn snalaj 
quantities. Scalar quantities of the same kind may be added to one 
another bv the ordinary aritlunfiti fifll rnlpa Thus 6 pt. and 4 pt. will 
always make 10 pt. This is not the case with vector quantities, since, 
in considering their combined effect, the direction as well as the magni- 
tude of each must be considered. Thus, if a body at 0 (Fig. 25) is 
acted on by forces of 6 Ib.-wt. and 4 Ib.-wt. acting in the directions 
OX and^ OY, it will tend to 
move in somh such direction 
as OP. A single force, acting 
in the direction OP, could be 
substituted for the two forces 
along OX and OY without 
altering the effect on the body, 
but this force would be less 
than 10 Ib-wt. The single 
force which, acti alone, would produce the same effect as a set of 
forces acting together is saidl to be the resultant of those forces . 

The principle of the last paragraph is illustrated if the hooks of 
three spring balanc.es are tied together and the three balances are 
pulled in different directions. It will be found that no one balance 
gives a reading equal to the sum of the readings of the other two. 

If two forces act along the same straight line and in the same 
direction, their resultant will be equal to their sum. If they act in 
opposite directions it will be equal to their difference and will act in the 
direction of the larger one. 

Parallelogram of Forces 

The way in which the resultant of two forces aqting at an angle to 
another can be found is shown by the following experiment. 

43 
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Connect masses of 3, 4, and 5 lb. by Ugbt cords, two of which pass 
oyer light, easy running pulleys, as shown in Fig. 26. On releasing 
them, the weights will come to rest in a position similar to that shown. 
Forces of 4 and 3 Ib.-wt. act along the strings OP and OQ and just 
balance the pull of 5 Ib.-wt. along OR. Hence their resultant must be 
a force of 5 Ib.-wt. acting in the direction of RO produced. 

Place a sheet of paper behind the strings and mark their directions 



on it. Choosing some such scale as 1 in. to 1 Ib.-wt., mark off lengths 
OX and OY along OQ and OP to represent the forces of 3 and 4 Ib.-wt. 
which act along them. Complete the parallelogram OXZY and draw 
its ^gonal OZ. It will be found that OZ is along RO produced, and 
that on the same scale as OX and OY, it represents a force of 5 Ib.-wt. 
This illustrates the theorem of the paraJlelograin of forces, which states 
^atj if two forces^ acting at a po int are represen tea mlniagnitude an d 


COMBINATIONS OF FORCES 


their point of intersection repr e- 
sents the magnitude and directio n 
of their resultant. This should 
be verified for a number of cases. 

Examples. — (1) Forces of 6 
arid 8 lh,~wL respectively act along 
lines inclined to one another at 
an angle of 60°. Find the magni- 
tude and direction of their resultant. 

• From 0 (Fig. 27) draw OP 
and OQ, making an angle of 60°. 
long and on OQ a length OY 6 cm. long. Complete the parallelogram 
OXZY and draw the diagonal OZ. Then OZ represents the resultant 
of the forces represented by OX and OY. Measurement shows that 
OZ is 12*1 cm. long and makes an angle of 25° with OP. Therefore 
the required resultant is 12*1 Ib.-wt. and its direction makes an angle 
of 25 ° with that of the force of 8 Ib.-wt. 

All such problems may be approximately solved by a graphical 
method as above. The following example shows how, when the two 
forces are at right angles, the problem may be solved by calculation. 

(2) Two forces of 7 and 1 1 Ih.-wt, act at right angles to one another. 
Find the magnitude and direction of their resultant. 

If OP and OQ (Fig. 28) represent the two forces, OR represents 
their resultant. 

Now OR2 = OP* + PR* = OP* + OQ* . 

= 11* + 7* = 121 + 49 = 170; 

OR = \/f70 = 1304. 

Also tan ROP = ^ = 

YY = 0'6364. Reference to 
tables shows that the angle 
whose tangent = 0*6364 is 
approximately 32J°. 

Therefore the resultant is 
a force of 13*04 Ib.-wt. and its 
<lirection makes an angle of 32^° 
with that of the larger force. 




Mark off on OP a length OX 8 cm 
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Resolving Forces 

. When forces are ** added” by means of the parallelogram theorem 
they are said to be compoundea. I'iie reverse process, that of finding 
two forces which, acting in different directions, may be substituted 
for a single force, is called resolving a force into component forces. The 
following example will illustrate the graphical method of doing this. 



Fjg. 29. Fio. 30. 

Let a force of 7 Ib.-wt. act in the direction OP (Fig. 29) on a small 
body at 0. It is required to find the components of this force in the 
directions OQ and OR. Along OP cut off OX, 7 units long. From X 
draw XY parallel to OR to meet OQ at Y and XZ parallel to OQ to 
meet OK at Z. OY and OZ measure 3*4 and 2-7 units respectively. 
Hence, by the parallelogram theorem, a force of 3*4 Ib-wt. along OQ 



Fig. 31. 


together with a force of 2-7 Ib.-wt. along OR would have the same 
effect on the body as the force of 7 Ib.-wt. along OP. 

The finding of components of a force which are at right angles to 
one another is frequently required. The following shows how such 
compcments may be calculated. Let a force of T Ib.-wt. be acting at 
,0 i3<WG^^P (Fig. 30), and OQ and OR be two lines at right angles to 
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one another, OQ making an angle d with OP. If OX == T units and 
the rectangle OYXZ is completed, 


r 


OY ^ . OY 

— = cos e, r.e. — = COB /. 

oz. YX . ^ . OZ 
ox = ox = “”^’*-"- 


OY = T cos 0, 


/. OZ = T sin^, 


so the components along OQ and OR are T cos 0 Ib.-wt. and T sin 0 
Ib.-wt. respectively, e.^^. if T is 200 and 0 is 30°, 

V3 

Component along OQ — 200 x Ib.-wt. 

• jO 


Component along OR is 200 X i Ib.-wt. 

The importance of the last case can be seen from Fig. 31 . The horse 
is giving a pull of T Ib.-wt. on the rope which is at an angle of 30° to 
the rails. This force may be resolved into components of T cos 30° 
Ib.-wt. in the direction of the rails and T sin 30° Ib.-wt. at right angles 
to them. -The Jatter component evidently has no tendency to move 
the trtick forwards. Its only effect is to make the flanges of the near 
wheels press on the rail. Thus, the effective force pulling the truck 

/q 

forward is T cos 30° Ib.-wt. and, since cos 30° = nearly one-fifth 

of the pull given by the horse is wasted. Perhaps you will understand 
now why you are urged to “keep the rope straight’* when you are 
pulling in a tug-of-war. 


Equilibrium. Triangle of Forces 

If two forces are acting on a small body, a third one which is equal 
to their resultant but in the opposite di^rection 
effects and prevent any motion of ^e hoiv. in other words, the TAanl^i^. 
of the three forces will be zero. Such a set of forces is 
eauilit)rium. 

In Fig. 32 (a) the lino OC represents the resultant R of the forces 
P and Q represented by OA and OB. If the shaded triangle only had 
been drawn as in (6), OC would still represent the resultant of the forces 
P and Q. This indicates how the resultant of two forces acting at a 
point may be found by drawing a triangle instead of a parallelogram. 

If now a force equal and opposite to that rejuesented by OC is 
tonsidered as in (c), it would be in equilibrium with two forces*!? and 
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Q acting at 0 in directions parallel to OA and AC respectively. This 
gives the theorem known as the triangle of forces, namely: — ^if three 
forces acting at a point can be represented in magnitude and direction 
by the three sides, in order, of a triangle, those forces are in equilibrium. 


Examples. — (1) Forces of 6 and, 4 lb,~wL act on a small body, the first 
towards the east and the second in a direction 30° east of north. Find the 
magnitude and direction of the force required to Tcee'p the hod,y in equilibrium. 
In Fig. 33 (a) the arrangement of the two forces is shown. 

Fig. 33 (b) is constructed as follows. 



O'P' is drawn parallel to OP and 
6 units long. P'Q' is drawn parallel 
to OQ and 4 units long. O'Q' is 
joined and represents the required 
force. Q'O' is 10-6 units long and 
angle RQT' is 24°; the required 
force is 10-6 Ib.-wt. in a direction 
24° south of west. 

• 

(2) A vertical spring balance reads 
200 grm.-wt, whm a piece of metal is 
hung on it. The metal is then pulled 
to one side by means of a horizontal 
thread until the balance makes an 
angle of 30° with the vertical. Calculate 
the new reading of the balance and the 
tension in the thread. 


The body will be in equilibrium 
Fia. 32. under the action of the three forces, 

its weight (200 grm.-wt.) acting 
vertically downwards, the pull {x grm.-wt.) of the spring acting at an 
angle of 30° to the vertical, and the tension (y grm.-wt.) in the thread 
acting horizontally. 

Draw Fig. 34 to show the direction of these forces. Now draw the 
triangle of forces, Fig. 35, as follows:— 

Draw AB vertically to represent the weight of the body on some 
suitable scede, (Note, begin with the force whose size is known.) 
From B draw BC horizontally and from A draw AC, making an angle 
of ||Q°%ith AB. (Note, the sides of the triangle must be so arranged* 
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BO that all the arrows indicating the directions of the forces proceed 
cither clockwise or anti-clockwise round the triangle.) 




The values of x and y may then be determined by measurement of 
CA and BC or;they may be calculated as follows; — 

' C«30" - AC - AB X _ 200 x - 230-9. 

BC 

tan 30“ = BC = AB x tan 30“ = 200 X 0-5774 = 115-5; 

Ar> 


and 


/. Reading of spring balance = 230-9 grm.-wt. 
Tension in thread = 115-5 grm.-wt. 




Interesting applications of the resolution of forces are found in 
connexion with the flight of aeroplanes and the sailing of yachts. 


GIN. PHT. 
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Fig. 36 (a) illustrates an aeroplane in level flight. The forces acting 
on it are the forward pull, P, of its propeller, its weight, W, acting 
vertically downwards, and the air resistance, R, on its wings which 



acta approximately at right angles to the under surface of the 
wings. R may be resolved into the components L and B which are 
respectively vertically upwards and horizontally backwards. If the 
wings are at the proper angle, L and W will be equal so that the vertical 

B 



p ^ B which will give a forward acceleration to the aeroplane. If P 
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is equal to B when the aeroplane has a certain velocity, there will be 
no resultant force forwards or backwards, and according to Newton’s 
First Law of potion the 
aeroplane will continue for- 
T wards with ujiifomi velocity. 

Fig. 36 (b) shows the 
plane when gliding with the 
engine not running. If it 
is tilted until R is almost 
vertical, B will become 
very small and L w'ill be Fio. 38. 

almost equal to R. L and 

W will then have a resultant in the direction of the glide which will be 
greater than B. 

Fig. 37 illustrates a yacht sailing almost against the wind. As 
indicated in the diagram, the force exerted in the direction CD by the 
wind on the sail may be resolved into components, one acting along the 

sail and the other at right angles 
to it along ED. The former 
component will have no effect on 
the sail and the latter may be 
again resolved into components, 
one acting along HD, i.e, the 
centre line of the yacht, and the 
other at right angles to it along 
GD. The former component 
will drive the yacht .forward, 
while the latter will cause a 
certain amount of drift to 
leeward. 

Parallelogram of Velocities 

Velocities are vector quan- 
tities, and so may be compounded 
5li ** and resolved by the parallelo- 
Fig. 39. gram theorem. 

Suppose a boat is being 
rowed across a river from A (Fig. 38), the direction^ of rowing being 
'directly across the river. The current will cause it to drift down the 
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river as it crosses, so that it will actually move along some such 
line as AZ. 

Suppose that the rowing would give it a velocity of 5 ft. per sec. 
in still water and that the current flows with a velocity of 3 ft. per sec. 
Then in each second it moves 5 ft. across and 3 ft. down the stream 
and, if OP and OQ in Fig. 39 represent the directions AY and AX, the 
crosses represent the positions of the boat at the ends of successive 
seconds, i,e. it travels in the direction OR. Further, LM represents 
the distance moved by the boat in 1 sec., i.e. its actual velocity, and 
LM is the diagonal of a parallelogram of sides 5 and 3 units long 
parallel to OQ and OP respectively. 


QUESTIONS ON CHAPTER V 

1. Find by drawing the magnitude and directions of the resultants 
in each of the following cases of two forces acting at a point. 


1st Force 

2nd Force 

Angle Between Forces 

100 Ib.-wt. 

150 Ib.-wt. 

60° 

90 grm.-wt. 

70 grm.-wt. 

45° 

600 dynes 

450 dynes 

150° 

10 tons-wt. 

12 tons-wt. 

80° 


2. Explain what is meant by (a) a vector qmntity, (6) a scalar 
quantity^ (c) the resultant of two forces. 

State' the parallelogram theorem for vector quantities and describe 
an experiment to prove it in the case of forces. 

3. Calculate the magnitude of the resultant and the angle it makes 
with the larger force in each of the following cases, in which the two 
forces act at right-angles to one another. 

(a) 12 Ib.-wt. and 16 Ib.-wt. 

(b) 90 grm.-wt. and 120 grm.-wt. 

(c) 17 pndl. and 11 pndl. 

4. A sfwmer heading north would have a velocity of 15 ml. per 
hr. in still toW, but it is in a current flowing to the east with a velocity 
of 6 ml. per hr. cFind the direction in which it travels and its velocity 
in direction. 
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5. Explain what is meant by resolving a force into two components 
at right-angles, and explain with the aid of a diagram why you should 
“keep the rope straight” in a tug-of-war. 

6. Calculate the magnitudes of the two components at right- 
bangles in eacji of the following cases: — 


Force 

Angle Made with Force 

BY One CoiiliPONBNT 

i 

200 Ib.-wt. 


45° 

150 grm.-wt. 


30° 

2 tons-wt. 


60° 


7. A lawn roller weighing 200 lb. is pulled by applying a force of 
100 Ib.-wt. to the handle which is inclined at an angle of 30° to the 
ground. Find (a) the force with which the roller is urged forward, 
(b) the force tending to lift it off the ground, (c) the actual force exerted 
by it on the ground. 

8. * A smootli roller weighing 500 grm. rests on a smooth surface 
sloping at an angle of 30° to the horizontal. Find the force, acting 
parallel to the slope, necessary to keep the roller from moving. (Note : 
The forces acting on the roller are its weight vertically downwards ^ the applied 
force, and the reaction of the surface acting perpendicular to that surface,) 

9. State the theorem of the parallelogram of forces. 

A small body rests on a smooth horizontal table and is acted on by 
the following forces: (a) 2 units to the east; (6) 3 units to the north- 
east; (c) 4 units at 30° to the west of north; (d) 8 units to the south. 
Find, graphically or otherwise, the magnitude and directioji of the 
force necessary to produce equilibrium. [J.M.B. 

10. State the “parallelogram of forces,” and indicate how it may 
be proved experimentally. 

A barge is being towed along the middle of a canal 40 ft. wide by 
men on either bank with ropes each 80 ft. long. Each rope is pulled 
with a force of 400 Ib.-wt. What is the effective pull on the barge 
down the middle of the canal? [J.M.B. 

11. What is meant by the triangle of forcesl 

A ping-pong ball of mass 2*25 grm. and suspended by cotton *is 
blown to one side by a steady horizontal c urrent of air so that the taut 
cotton makes an angle of 30° with the vertical. Draw a diagram of 
. Jbhe arrangement indicating the forces acting <m the baM, and find (a) the 
tension in the cotton, (b) the force of the air current on the ball. [J.M.B. 



CHAPTER VI 


Levers 


LEVERS, MOMENTS, PARALLEL FORCES 
CENTRE OF GRAVITY 


j v /^ lever is a stiff rod arranged so that it can turn around a poiii^ 
of support. See saws, crow-bars, brake levers. anTBalance b 


common examples of levers. 
— effort If a heavy boy and a lighter 

i boy are see-sawing, the light 
one must sit further from the 
suj>port than the other in order 
I l-<gg^^^^^ LCRUM to make their weights balance. 

Similarly, a heavy stone may 
Fio. 40. easily be moved by using a^crow- 

bar as illustrated in Fig. 40, 
which also illustrates some terms used in connexion with levers. The 
support around which the lever turns is called its fulcrum. The force 


ied to it is called the effort, ana the resistance overcome 


e distance between the fulcrum andTthe eifort is 


is the 


:::FULCRUM 


Fio. 40. 









iMItPlB 


The law of levers may be investigated by setting up a half-metre 
scale to act as a lever, as shown in Fig. 41. A hole is bored through 
the middle of the scale so that it balances, but turns easily, on a smooth 
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peg passing through the hole. A weight carrier of known weight is 
fitted on each arm in such a way that it can slide along the lever. 
Slotted weights can be placed on 
the carriers to apply varying 
forces to the lever. We may 
consider the weight on the right 
as the effort which raises the 
load on the left. By using 
various weights, sliding one 
or the other along the lever 42. 

till balance is obtained, and 

then noting their distances from the fulcrum, a table such as the 
following may be obtained. 



Effort 

• 

Effort 

Arm 

• 

Effort x 
Effort 
Arm 

Load 

Load Arm 

Load x 
Load Arm 

• 

40 grm. 

24*0 cm. 

960 

40 grm. 

24*0 cm. 

960 

45 grm. 

22*0 cm. 

990 

60 grm. 

16*5 cm. 

990 

70 grm. 

21*0 cm. 

1470 

100 grm. 

14*7 cm. 

1470 

150 grm. 

13-0 cm. 

1950 

80 grm. 

24*4 cm. 

1952 


In each case it will be found approximately that 

Effort X Effort axm = Load x Load arm. 


Levers such as the above, which have the fulcrum Between the 
effort and the loac! are frequently said to be o{ t)iejirst class] 



fulcrum 


Rejsi stance 


Fio. 43. 
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1 When the handles of a 

I wheelbarrow are raised, as 


n 

^FULCRUM 

EFFORT 1 


will be seen from Fig. 42, 
it constitutes a lever witF 
the load between th^ 



■ 


TTTTr 


5 

fulcrum and the effort. 

Q 

bi( 

1 Irhis is often said to be^a 

1 , iever of the secord class. 

Fig. 43 shows that in 
•Pm dd, raising a weight m the 

hand bv means of the 
;eps muscle, the forearm acts as a lever with the effort between the 
Icrum and load. This is usually called a lever of the third class^ 


By the method indicated in Fig. 44 it may be shown that levers 
of the second and third classes obey the same law as those of the first 
class. 


A list should be made of common appliances such as j)ump-handles, 
scissors, nutcrackers, bicycle crank and gear-wheel, etc., in which the 
leverage principle is applied, noting in each case which class of lever is 
employed. 
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Moments f v 

In the examples of J ^ " \ y* • 

levers which have been f ^ 

Ejtudied it will be noted 0 \ 

that the effoTt and the 0 I \ ^ 

load are forces which V \ j 

tend to turn the lever \/ 

in opposite directions, — — y 

and it is these turning 0 

tendencies which have ® *'"ia 

been balanced. [The 

magnitude of the tend- 

en3y of a force to turn JsfcQgmfc 

a body is called the „ 

moment of the f^ce 

around the point (strictly, around the ax is) around which the body turns J 

FrStTTEF’^ndlHon balance of a lever it woula 
appear that tBe moment of a force = force X distance from point 
around which the body turns. In the cases studied, however, we 
always dealt with forces at right angles to the lever. Fig. 45 shows 
how, by using a lever pierced by a number of holes into which pegs 
may be plugged, forces in varying directions may be applied to it. 
It will be found that balance may be obtained by altering the weights, 
or the angles of the strings, or the points at which they are attached 
to the lever. Usually it will be found that E X OA is not equal to 
L X OB. When balance has been obtained, measure the angles x and 
y, and on a sheet of paper construct to scale the figure XBOAY. Draw 
perpendiculars OC and OD from 0 to YA and XB produced. Measure 
OD and OC and verify that E X 00 = L x OD. Thus, the moment 
of a force around a point is really measured by force x perpendicular 
distance from point around which body turns to line of action of the force. 

This result is quite general and may be applied when more than 
two forces act on a body. Thus Fig. 46 represents a light board 
pivoted at 0 with weights attached to points A, B, C, D as shown. 
It comes to rest in such a position that 

(P X OV) + (Q X OX) = (R X OZ) + (S X OY). 


Examples. — (1) The diagram (Fig. 47) represents a safekg valve on 
a. boiler. The opening at 0 has an area of 4 sq. in. What must be the 
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value of W in order that the valve shall not open until the pressure inside 
the boiler is 60 lb. per sq. in. greater than that outside ? 



With required pressure, upward force on disc = 60 x 4 Ib.-wt. 
Taking this as effort and W as load; — 

Load X load arm = effort x effort arm; 

W X 12 = 60 X 4 X 4; 

w_“>5j*x'‘=so. 


(2) A sign weighing 30 Ih. hangs from the end of a pole 6 ft. long 
which is hinged to a wall. A wire, attached to the pole as indicated in the 
figure, maintains the pole in a horizontal position. Neglecting the weight 
of the pole, determine the tension {pull) in the wire. 

Let the tension be T Ib.-wt. From 0 draw OQ perpendicular to 
PX (Fig. 48): then 



The tension = 90 Ib.-wt. 


Fia. 49. 
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Parallel Forces 

Suspend a light 
balanced lever from a 
If spring balance and 
hang a weight on each 
arm as shown in Fig. 

49. Adjust the posi- 
tions of the weights 
until the lever is 
balanced and remains 
Horizontal. It will be found that the reading of the spring balance 
equals the sum of the two weights P and Q. Clearly, the same result 
would be obtained if a vertical downward force of (P + Q) grm. were 
applied at 0 in place of the two weights, i.e. the resultant of the two 
parallel forces applied at A and B is equal to their sum and acts at 0. 
Since the lever is not turning, the moments of P and Q around 0 are 
equal, i.c. taking clockwise moments as positive and anti-clockwise ones 
as negative, tlie sum of the moments around 0 is zero. Hence, the 
resultant of two parallel forces acting in the same direction is equal to 
tbeir sum and acts at a point arouna whicb the sum of their m^entT^ 


su m 
is zero 


If a number of weights are hung at various points along the rod 
and their positions adjusted until balance is obtained, it will be found 
that the spring balance gives a reading equal to the sum of all of them, 
and that the sum of all the moments around 0 is zero. 



Couples 

When two equal parallel forces act in 
opposite directions on a body tiiey are 
said to constitute a couple. A couple can 
only exert a turning effect even if the 
body is not pivoted. Fig. 50 illustrates 
this. When position (c) is reached, the 
two forces, being just equal and opposite, 
will neutralise one another, and« no 
further movement of the body will take 
place. 

In Fig. 51 two* forces forming a 
couple act at P and Q. Their respective 
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moments around 0 are x X OA and x x OB. As both tend to turn 
the body in the same direction their total turning effect is measured 
by (x X OA) + (® X OB): that is: — 

Turning effect = x (OA + OB) = x X AB. 


From the above we can say tha t the moment of a couple is figual to 
6ne of the forces multiplied by the perpendicular distance betw een them. 

Many common objects where 
turning is the only movement 
required are arranged so that 
couples may be applied to them. 
Fig. 52 illustrates this in the case 
of a tap. Corkscrews, gimlets, 
and door keys similarly apply the 
same principle. The advantage 
is that strain or displacement due 
to a sideways pull which might 
be applied to a one'Sided handle 
is avoided. 

Centre of Gravity 

Try to balance plates of vari- 
ous shapes — squares, triangles, 
etc. — cut out of sheet metal or 
cardboard on the point of a 
compass or knitting needle. It 
will be found in each case that 
there is one point, and only one 
point, at which the plate may be 
Pjq 52 , so supported. If in any case the 

required point cannot be found 
by trial, use the method illustrated in Fig. 53. Pierce several smooth 
holes through the plate near its edge. Support it by means of a 

smooth horizontal peg fitting loosely in one of the holes A, and 
suqsend a plumb-line from the peg. Draw a line on the plate along 
the plumb-line. Repeat with one of the other holes B on the peg. 
The two lines so obtained will intersect at some point G. If now the 
third hole C is placed on the peg, the plumb-line will again pass, 
^htoi^h 6. Try now if the plate will balance when supported at G. • 
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These experiments may be explained as follows. The plate is made 
up of a number of particles, each of which has a weight, a vertical 
force acting downwards on it. Thus the whole plate is subject to a 
number of parallel forces acting 
vertically downwards. It has been 
shown above that such a set of 
forces has a resultant equal to 
))heir sum which acts through a 
fixed point. In this case the 
resultant must be equal to the 
wjiole weight of the body, and if 
an equal upward force is applied 
at the point where the resultant 
acts, the plate will be in equi- 
librium, i.e. it will balance. The 
reaction of the support provides 
the equal upward force. 

The point through which th e 
resultant of the weights of all the 
particles of a body acts is called 
i ts centre of gravity. I n 
problems where the weight of a 
body has to be taken into 
account, that weight may be 
considered as a single force 
acting vertically downwards through the centre of gravity of the body. 

The method for finding the centre of gravity of a plate tpage 60) 
depends on the fact that, if the centre of gravity G is in any position 

other than vertically below 
A, the weight of the plate 
acting through G will have 
a moment around A tend- 
ing to rotate the plate. 
Thus, when the plate comes 
Fig. 54. to rest, G must be verti- 

cally below A. 

Flat plates only have been considered in the above, but it will be 
jobvious that every body will have a centre of gravity. In the case of 
a brick the centre of gravity will clearly be inside it. In the case of a 
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bowl it may be in the space inside and not in the material of the bowl. 
The following table should be noted. 


Body 


Uniform rod. 

Circular plate. 

Plate a parallelogram (including 
square and rectangle). 
Triangular plate. 

Rectangular block (including 
cube). 

Sphere. 

Cylinder. 


Position op Centre op Gravity 


Centre of rod. 

Centre of plate. 

Intersection of lines joining mid- 
points of opposite sides. 
Intersection of medians. 
Intersection of diagonals. 

Centre of sphere. 

Mid-point of axis. 


A number of the above cases 
can be justified on grounds of 
symmetry, i,e. the^body may be 
divided up into a number of 
pairs of particles, the two mem- 
bers of any pair being at equal 
distances on opposite sides of 
the point named so that the 
sum of their moments about 
that point is zero. 

A triangular plate may be 
PiQ 55 ^ considered to be made up of 

, a number of very narrow rods 

all parallel to one side (see Fig. 55). Each of these rods has its 
centre of gravity at its mid-point. All these centres of gravity will 
lie along the median AD so that the weight of the plate may be 
considered to be made up of a number of weights acting at points 
along AD. The resultant of these would also act through some point 
on AD, t.e. the centre of gravity of the whole plate is a point on 
AD^ Similarly it can be shown that it lies on each of the other medians 
and therefore it must be at their point of intersection. A similar method 
may be used in the case of the parallelogram. 

The last paragg&ph illustrates the general principle that the position 
of the centre of gravity of a body can often be found if the centres of * 
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gravity of its various parts 
are first determined. In the 
L-shaped plate of Fig. 56, • 
tile centre of gravity of 
^ABCD is at Gj, and that 
of EFDH is Gg. The areas 
of the two rectangles, and 
therefore their weights, are 
in the ratio Hence, if a 
point G is taken in G1G2, 
si^ch that 9 X GjG — 6 x 
GgG, the moments of the 
weights of the two parts 
around G will bo equal and 
opposite and G will be the 
centre of gravity of the 
whole figure. 

Since * • 

9 X GjG = 6 X 62Q; 
G^ _ 6 ^2 
GgG “ 9 3 

hence to find the position 
of G, G1G2 must be divided 
into 5 parts and G^G is 
equal to 2 of those parts. 



Examples. — (1) Fig, 57 represents a uniform circular flale with a 
circular hole punched out of it. It is required to find the centre of gravity 

of the plate. 

If the part removed were replaced, 
the centre of gravity of the whole 
plate would be at C and that of the 
shaded portion at 0 . Therefore the 
centre of gravity of the unshaded 
portion is on OC produced. Let, it 
be at G. 

Since the plate is uniform, weights 
of portions of it ar^ proportional to 
their areas; 
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Weight of shaded portion _ tt x 3* 

Weight of unshaded portion ”” (tt X 9*) (tt X 3^) 

77 X 9 __ 1 

- 77 x~(81 - 9) 8’ 

1 X OC = 8 X GC; 

/. GC = iOC = J X 6 in. = I in. 


(2) A uniform rod 2 ft, long is supported at a point 4 in. from one end 
and maintained in a horizontal position by hanging a 100 grm. nmss 
2 in. from that end. Find the weight of the rod. 



Fig. 68. 



Fig. 69. 


Let the weight of the rod 
be W grm-wt. 

This will act vertically 
through the centre of 
gravity X which is half- 
way along the rod, i.e. 
8 in. from the fulcrum. 
Taking moments around 
0 , 

8W = 2 X 100; 


W = 


2 X 100 


25. 


The weight of the rod is 
25 grm.-wt. 

Note the principle of 
this example as a method 
by which the weight of a 
rod may be found experi- 
mentally. 


(3) A uniform bridge 100 ft. long weighs 50 tons. A lorry weighing 
15 tons is 25 ft. from one end of it. Find the force exerted on each end 
support. 

The 50 tons-wt. of the bridge will act at its centre of gravity half-way 
along it. 

The supports will exert vertically upward reactions equal to the 
forces on them. Lot that of the support nearer to the lorry be X tons- 
wt. and the other Y tons-wt. Taking moments around P. 


(15 X 25) + (50 X 50) - lOOY = 0; 
lOOY = 2875; /. Y = 28*75. 
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Taking moments around Q. 

(15 X 75) + (50 X 50) - lOOX = 0; 
lOOX = 3025; /. X = 36-25; 

/. Force on support nearer the lorry = 36*25 tons-wt. 

Force on other support = 28*75 tons-wt. 

(Check: X -f- Y must equal total weight of bridge and lorry.) 

Stabihly of Bodies 

Stand a rectangular block of wood on end on a drawing board and 
gradually tilt the board. When a certain angle is reached the block 
will topple over. Find the greatest inclination that can be given to 
the block without its toppling. By testing with a plumb-line show that 
EA [Fig. 60 (o)] is then vertical. This means that the vertical line 
from the centre of gravity G, along which the weight of the block acts, 
just falls within the base of 
support ABCD. If it is tilted a 
little more, (b), the vertical from 
Q falls outside the base of sup- 
port, and the weight of the 
block has a moment around AD 
tending to turn the block still 
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further and thus cause toppling. Thus it is seen that, for a body to 
— — be in equilibrium, the vertical line 

1 —4 from its centre of gravity must fall 

1 within the base of support. 

1 JBC Stand a funnel on its broad end 

^ ^ on a horizontal table [Fig. 61 (o)]. 

- I ® Tilt it slightly and let go. It will 

return to its former position. Now 
l^'\\ balance it on its narrow end (b), A 

I I g slight displacement when it is in this 

* I position will cause it to topple. 

I g Finally, lie it on its side (c). If it is 

o turned slightly to one side, it will 
ft neither return to its former position 
/jC/ K move further when released, but 

^ funnel is in equilibrium since the 

vertical line from the centre of grav- 
^ ® ity falls within the base of support. 

§ g In the first case the equilibrium is 

I said to b e stable,^ in the second case 

o it is unstable, and in the last case it 


// ! / dotted lines in (a) and (b) 

/ ® indicate the path which will be 

J/ /^£ jY S followed by the centre of gravity as 

funnel is tilted. In (a) small 
§ S displacements raise the centre of 

o gravity, while in (6) they lower it. 

® These are the conditions for stable 

and unstable equilibrium. In (c) 

B " hi II / f 'J rolling the funnel will not alter the 

height of the centre of gravity, and 

In J?, /r**H S produce change in the 

LJ ALJ condition of equilibrium. It should 
A be noted in (a) that the centre of 

— — L-4.— 1 gravity will reach its highest position 

wheoEi it is vertically above the edge of the base. If tilted beyond this 
poshaou the funnel will, of course, fall over. 



LEVERS, MOMENTS, PARALLEL FORCES 


67 


From the above it is clear that a broad base of support and a low 
centre of gravity produce stable equilibrium. This has to be aimed at 
in vehicles such as buses. The picture below shows how a bus is 
tested to find if it can be tilted through a considerable angle before 
F 



%■ 


Cowrtuy Chaa, H. Sot. Ltd. 

Stability Test op a Bus. 

overturning. In testing, the upper deck is loaded with weights equal 
to a full upper dock of passengers but no weights are placed insidew 
Fig. 62 shows the various stages in the overturning of a bus, and 
illustrates how the lowness of the centre of gravity allows it to turn 
through a very considerable angle before the centre of cavity reaches 
its ^hest position and further turning is dangerous. 
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QUESTIONS ON CHAPTER VI 

1. Explain the terms lever ^ fulcrum, load arm, effort arm. State 
the law of levers and explain why, with the aid of a lever, a heavy stone 
may be moved by a small effort. 

2. Explain: (i) Why levers of the third class are less common 
than those of other classes in mechanical contrivances; (ii) why 

' scissors for cutting cloth may have blades much longer than the 
handles, but ^jshears for cutting metal have short blades and long 
handles; (iii) why a nut can be cracked more easily with nut-crackers 
than with the fingers. 

3. Draw a diagram of a system of rods and levers suitable for 
operating the brake on the back wheel of a bicycle. Indicate dimen- 
sions on the levers which would enable a force of 1 Ib.-wt. applied to the 
brake handle to cause a force of 100 Ib.-wt. to be exerted on the brake. 

4. Assuming a balanced lever, fill in the spaces in the following 
table : — 


: Effort 

Effort Arm 

Load 

Load Arm 

* 

50 grm-wt. 

65 cm. 

125 grm.-wt. 


20 Ib.-wt. 


600 Ib.-wt. 

4 in. 


8 in. 

190 grm.-wt. 

30 in. 

,5 grm.-wt. 

75 cm. 


2’5 cm. 


.5. Explain what is meant by (a) the moment of a force, (6) a 
couple, (c) the moment of a couple. 

Show that rotation is the only kind of motion that can be caused 
by a couple. 

6. How could you find the approximate weight of a body weighing 
about 200 grm. if you were supplied with a half-metre scale, pierced 
by a hole near one end, and a spring balance reading up to 20 grm. ? 

,7. A uniform rod 4 ft. long has weights of 200 grm. and 20 grm. 
hung from its ends, and then balances when supported at a point 
8 in. from the larger weight. What is the weight of the rod ? 

8. A metal plate of uniform thickness is in the form of a square 
of aide 4 in. with an isosceles triangle of height 3 in. on one side. 'V^ere 
is its centre of gravity ? 

How could you find the centre of gravity experimentally ? 

9. Find the centre of gravity of a plate of uniform thickness in the 
form of a square of 4 in. side with a square of 1 in. side cut out from oim 
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10. Explain each of the following: (a) Why you are easily knocked 
over when standing on one foot. (6) \^y you place your feet wide 
apart when receiving a charge from an opponent at football, (c) Why 
standing passengers are sometimes allowed on the lower deck of a bus 
^>ut not on the upper deck, (d) Why the toys consisting of a light 
paper cone mounted on half of a spherical lead bullet will not lie down. 

11. The base of a cylindrical chimney 50 ft. high and 6 ft. in* 
diameter, uniformly built, sinks a little on one side. How many 
degrees from the vertical may the chimney tilt without being in danger 
of falling ? 

^ 12. Describe and explain the principle of the action of a common 
steelyard. [L.U. 

13. Define the centre of gravity. The centre of gravity of a boxwood 
metre scale, which has some holes bored in it, is at the 49 cm. mark. 
Being supplied with a 50-grm. weight, and using the scale as a lever, 
describe how you can determine its weight. 

Give an example in illustration, if this weight is found to be 
100 grm. . . [L.U. 

14. * If you were provided with a pound weight, a 12‘in. ruler, and 
some string, how would you make use of these to find the weight of 
an ordinary garden spade ? 

Give a numerical example to illustrate your answer, taking 5 Ib. 
for the weight of the spade and 3 ft. for its length. 

Explain fully the method you adopt. [L.U. 

15. Distinguish between the three forms of equilibrium: stable, 
unstable, and neutral, giving one example of each. 

Draw diagrams to show the forces acting upon (a) a cyclist rounding 
a bend, (6) a glider in flight. State what each force shown represents. 

[L.U. 

16. Define the rriowcnt of a force about a point. 

A uniform bar AB, 4 ft. long and 10 lb. in weight, is supported in a 
horizontal position by the hooks from two spring balances hanging 
vertically from 2 nails. If the points of support are 8 in. and 6 in. 
respectively from the ends A and B of the bar, find the readings of the 
spring balances when a weight of 2 lb. is hung from A. What weight 
hung from this end will make the reading of the further balance zero ? 

[J.M.B. 

17. A uniform beam 18 ft. long weighing 2 tons and supported at its 

ends carries a weight of 7*5 tons at a distance of 6 ft. from one end. 
Find the reactions of the supports. Make a diagram* showing clearly 
all the forces acting on the beam. ^[J.M.B. 
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Work 

When we see men carrying bricks up ladders to builders we realise 
that they are doing work. K we wish to compare the work done by 
one man with that done by another we might think it sufficient to 
count the bricks each has carried. A little thought will show that this 
may not give a true comparison. If one man has carried 100 bricks 
to a height of 40 ft. and the other has also carried 100 bricks but only 
to a height of 20 ft., the former has done more work than the latter. 

Evidently there are two factors which must be considered when 
estimating an amount of work done. When climbing with a load of 
bricks a man would be exerting a certain force to overcome the weight 
of the bricks and his own weight. The magnitude of this force has 
something to do with the work done, but also the distance through 
which the bricks are raised must be taken into accouht. 

Let us suppose that one unit of work is done when a mass of 1 lb. 
is raised a distance of 1 ft. If it is raised another foot, another unit of^. 
work will be done, and so on, one unit of work being done for each foot 
raised. Thus, when a mass of 1 lb. has been raised a height of 5 ft., 

5 units of work have been done. Note that the force used will be 1 
Ib.-wt. whether the distance raised is one foot or five. If another mass 
of 1 lb. is raised 5 ft. another 5 units of work will be done, so in raising 
a mass of 2 lb., which would require a force of 2 Ib.-wt. to be used, to a 
height of 5 ft., 10 units of work will be done. Similarly raising a mass 
of 6 lb,, requiring a force of 6 Ib.-wt., to a height of 8 ft. would mean 
that 48 units of work were done. This leads to the conclusion that 

Work done = Force used x Distance moved hy poi nt of application. 

The unit of work evidently depends on the units in which the force 
and the distance are measured. 


Work done 
when a force] 
of 


1 Ib.-wt. 

1 pndl. 

1 grm.-wt. 
1 dyne 


acts through 
a distance i 
of 


1 ft. 
1ft. 

1 cm. 
1 cm. 


(1 ft.-lb. 

. 1 1 ft.-pndl. 
j 1 grm.-cm. 
U erg. 


Bri^h engineers frequently use the foot-pound as their unit off* 
wdiik '1^ the erg is the unit mostly used in scientific work. As the 'erg 
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is a very small unit, a larger unit equal to 10^ ergs is often used. This 
unit is called a joule. 

Since 1 Ib.-wt. = 32 pndl. and 1 grm.-wt. = 980 dynes, it follows 
that 1 ft.-lb. = 32 ft.-pndl., and 1 grm.-cm. = 980 ergs. 

In the above cases the weight of the body has been considered 
because the force used was equal to the weight, but it is the actual 
force used an'd not necessarily the weight of the body which must bh 
taken into account in calculating work done. « 

Examples. — (1) Find the work done in raising 1 cwt. of coal to the 
surface from the bottom of a mine 300 ft, deep. Answer in both gravi^ 
National and absolute units. 

(a) In gratntational units, 

Force used = 112 Ib.-wt.; 

/. Work done = 112 X 300 ft.-lb. = 33,600 ft. lb. 

(b) In absolute units, 

• Force used = 112 X 32 pndl.; 

Work done — 112 X 32 X 300 ft.-pndl. 

= 1,075,200 ft.-pndl. 

(2) A mass of 1000 grm. is given an acceleration of 40 cm. {per sec.)*. 
What work has been done when it has moved 250 cm.? 

In absolute units. 

Force = mass X acceleration = 1000 X 40 dynes; 

/. Work done = 1000 x 40 X 250 ergs = 10,000,000 ergs. 

,,,,,, 10 , 000,000 

and Work done = — ggg — grm.-cm. 

= 10,204 grm.-cm. (to nearest unit). 

Energy y/ 

A person is generally described as energetic if he has the capacity 
for performing a large amount of work. In njgchanics the term 
Energy denotes that which gives ability to do icorftj Thus, when the 
sphng 01 a uoy engine is wouna up, it can pertorm a certain amount 
of work in driving the engine a certain distance along the rails. It is 
said to possess an amount of energy numerically equal to the amount 
of work it can do in unwinding. Since energy is measured in this way, 
the units of energy are given the same names as those of work. 
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Energy may be stored in a body in a number of different ways. 
The spring just mentioned possesses energy when it is in a condition of 
being wound up. The steam in the boiler of an engine possesses 
energy, which enables it to do work when admitted to the cylinders, 
because it is in a condition of high pressure. In a grandfather clock 
the energy to perform the work of moving the wheels, etc., is provided 
by a weight which has to be raised from its lowest possible position in 
order to make the clo ck go, i.e. the weight possesses energy when in 
certain positions. / Energy due to the mechanical condition or to the 
position of a body Is ca^T^potentiai enwgyy potential energy of 
a raised body is easily calculated, it it is allied to fall the force acting 
will be its weight, and the distance through which it can act is its 
height above the ground. Hence the work that can be done by it 
equals its weight X its height, and this measures its potential energy. 

On the bed of a swiftly running stream sand and stones may often 
be observed being rolled along by the water. Evidently the water 
must possess energy to enable it to do the work of moving these bodies, 
and, as it would not move them if it were still, it possesses this energy 
because of its motion. The work of driving the machinery of a wind 
mill is performed by particles of air hitting the sails. Here, too, it is 
clear that the air possesses energy because it is in motion. In modern 
turbine engines steam rushes into the turbines, and by hitting against 
the blades causes them to rotate. Again we have an example of energy 
possessed because of the^mot^ of the particles. /Energy due to motion 
is called kinetic energy.^ y ^ 

I'he kinetic energy ofa moving body may be calculated as follows : — 

Let a .body of mass 100 grm. have a velocity of 50 cm. per sec., 
and let it be brought to rest with uniform loss of velocity in 5 sec. 

Acceleration while being brought to rest = — cm. (per sec.)*; 


Force applied = 


100 X 50 


Average velocity while being brought to rest = cm. per sec.; 

50 X 5 

Distance moved = — - — cm.; 

* 2 

Work done in losing velocity 

“ 100 X 60 50 X 6 , 

•a g- — X — ^ ergs = i (100 X 60*) ergs, 
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that is, the kinetic energy of the moving body is given by the expres- 
sion: — 

Kinetic energy = J mass X square of velocity. 

This will be found to be the case if the symbols m, v, and t are used for 
the mass, velocity, and time, and the working carried out as above, 
showing that the result is generally applicable. 

Note carefully that weight X height gives the potential energy of tf 
raised body in gravitational units, but J mass X velocity® gives the 
kinetic energy of a moving body in absolute units. 

Example. — What will be the kinetic energy of a rock weighing 50 lb. 
after it has been falling for 5 sec. ? 

Acceleration = 32 ft. (per sec.)^; 

Velocity after 5 sec. 32.x 5 ft. per sec.; 

Kinetic energy = ^ x 50 x (32 X 5)^ ft.-pndl., 
i.e. Kinetic energy — 640,000 ft.-pndl. 

Conservatipn of Energy 

Ii> mechanics potential energy and kinetic energy are the two forms 
most often dealt with, but it will be shown later that heat and light 
are also forms of energy. Energy may also be stored in electrical and 
chemical forms. One form of energy may be transformed into another. 

When a stone is projected upwards it possesses kinetic energy. 
As it rises it loses velocity and so loses kinetic energy, but owing to its 
increasing height, it gains potential energy. At its highest point it is 
stationary for a moment during which it has no kinetic energy but 
considerable potential energy. As it falls again it loses this potential 
energy, but as it gains velocity it gains kinetic energy. 

A whole scries of energy transformations takes place in a steam 
engine. The fuel has much energy stored in a chemical form. During 
its burning in the furnace this chemical energy is liberated and trans- 
formed to heat. The heat causes the production of steam in the 
boiler and is transformed into potential energy due to the compressed 
state of the steam. The steam expands into the cylinders, losing 
potential energy owing to its loss of pressure, but setting the pistons, 
etc^in motion, thus imparting kinetic energy to them. ' • 

iThe law of conservati on of energy states that durinff ^ 

of energy fr om one i^m to another, the total amount of" i« 
unchangec^ t.e. the amount of the new form which appears is equal to 
the amount of the old form which has disappeared. This is readily 
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verified in the case of a falling body. In Example (1), page 73, it was 
shown that a mass of 50 lb. after falling for 5 sec. would have gained 
640,000 ft.-pndl. of kinetic energy. 

Its average velocity during the five sec. = ~ ft. per sec. ; 

160 y 5 

/. Distance fallen = -7— ^ — ft* = 400 ft. ; 

Loss of potential energy = 50 x 400 ft.-lb. 

= 50 X 400 X 32 ft.-pndl. 

= 640,000 ft.-pndl., 

so its gain of kinetic energy is equal to its loss of potential energy. 

It will be shown in later chapters that similar relationships exist 
for transformations between mec^nical forms of energy and heat and 
electrical energy. 


Power 

o 

We are familiar with such terms as “ a twelve horse-po.wer motor 
car ** or “ a 300 horse-power locomotive.*^ If a high-powered «team 
crane and a low-powered one raise equal loads it will be found that 
the former raises its load more rapidly than the latter, i.e. the former m 
is capable of doing work at a faster rate than the latter. When we speak 
of power in mechanics we refer to the ^e at which work is done or 
the rate of expenditure of energy, and ^fee pciwer of a madune ja i 
measured by the number of units of work u can do in one unit of tim^* 

ThS" power of a small motor, such as a Meccano **"13o^ 
electric mgtor, may be determined as follows. Tie a light string to a 
drum fixed to the driving axle. Pass the string over a pulley and 
attach a weight pan to its free end. Load the pan until the motor 
can only just raise it steadily. Place a metre scale upright by the side 
of the pan and measure the distance by which the motor can raise the 
pan in a fixed time, say 10 sec. 

Weigh the pan and its contents. Calculate the power below. 

Mass raised = 255 grm. 

Height raised = 97 cm. 

Time == 10 sec.; 

Work done = 255 X 97 grm.-cm.; 

- . 255 X 97 ^ 

Power = — Yq — = 2473*5 grm.-cm. per sec; 
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The power developed by a boy’s leg muscles may be approximately 
determined by timing him while he runs as fast as possible up a flight 
of stairs. The height of the flight is measured and the boy weighed 
and the calculation made as above. If weight and height are taken in • 
pounds-weight and feet the power will be given in foot-pounds per 
second. 

When steam engines were introduced they were largely employed 
for doing work formerly performed by horses, and it was important to 
know how the rate of working of a given engine would compare with 
that of a horse. After experiments, James Watt came to the conclusion 
that a generous estimat^f the rate of working of a good cart horse 
was 550 ft.-lb. per sec. [Hence an engine is said to be of one horse- 
power when it can do worE at that rateH When electric power is used, 
it is more convenient to measure rate ofworking in units derived from 
the metric system. Such a unit is the watt, which is a rate of working 
of 10’ ergs per sec., i.e, 1 joule per sec. One horse-power is equal to 
746 watts. As the watt is a rather small unit, the Ki toya ft^ which 
equals 1000 w&tts, is often used. 


Example. — A steam cram raises a load of 10 tom to a height of 30 ft. 
in half a minvle. At what power is it working? Give the amwer in 
horse-power and in Kilowatts. 

Force used = 10 X 2240 Ib.-wt. 

Work done = 10 x 2240 X 30 ft.-lb. 


^ 10 X 2240 X 30 

Power = ft.- 


30 

10 X 2240 
550 


-lb. 


per sec. 


= 40-7 h.p. 




Engines are often rated as being of a certain brake horse-power. 
This refers to the method by which their horse-power is measured. 
The engine is made to rotate a cylinder around which a rope is wound, 
as shown in Pig. 63. The loa^ng of the rope with the weight W 
makes it act as a brake retarding the rotation of the cylinder. The 
force exerted by the spring balance tends to pull the cylinder round 
, in the direction of its rotation, and thus reduces the effect of W. W is 
increased until the engine can just rotate the cylinder steadily giving 
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a steady reading on the spring balance. 
The number of rotations made by the 
cylinder in a given time is then counted. 

Suppose W = 133 Ib. and m; = 1-75 lb. 

Then the force exerted on the drum 
by the rope = 131‘25 Ib.-wt. Let the 
radius of the drum be 6 in. 

Then its circumference is 2 x X 
6 in., and this is the distance through 
which the force acts during each revolu- 
tion of the drum. 

If the drum revolves 200 times per 
minute, 

Work done per minute 

= 200 x 2x^®-x6x 131*25 ft. lb.; 
/. Rate of working 

_ 200 X 2 X X 6 X 131*25 
60 X 550" 

= 30 horse-power. 


You could determine your own horse-power when turning a handle 
by fitting up a similar arrangement with a handle attached to the 
cylinder. 


QUESTIONS ON CHAPTER VII 

Distinguish between forces work, energy, and power. State the 
absolute units in both the British and Metric systems in which each is 
measured. 

■^at is meant by a horse-power, a waU? 

Explain the terms potential energy and kinetic energy, giving 
two ^amples of each. 

^^at is meant by the law of conservation of energy? Illustrate the 
law" by considering a stone of mass 2 lb. projected vertically upwards 
with the initial velocity of 128 ft. per sec., dealing particularly with its 
potential and kinetic energies at the beginning of its flight and at the 
[nds of successive^ periods of 2 sec. each until it returns to the level * 
‘om wi^h it was projected. 
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3. A cage containing a truck of coal, the total weight being 15 cwt., 
is raised from the bottom of a mine shaft 300 ft. deep to the surface 
in 1 min. Calculate (a) the work done, (6) the average horse-power at 
which the hauling engine worked. 

4. A cistern 60 ft. deep and 8 ft. in diameter contains water to a 
depth of 30 ft. A pumping engine empties it in 1 hr. Find the work 
done and the "horse-power at which the engine worked, (note: AU 
the water hm not to he raised the same height but the work do-ne may be 
calculated from the average height the water has to he raisM.) 

5. To maintain a speed of 30 ml. per hr. in a train the engine has 
to exert a pull of 1500 Ib.-wt. How much work does the engine do in 
l*min., and what is the power in Kilowatts at which it is working ? 

6. A car weighing 1000 Kilog. travelling along a level road is 
accelerated for 2 min. at the rate of 15 cm. (per sec.)*. Find its gain 
of kinetic energy during those two minutes. 

. 7. How much work is done against gravity by a man weighing 
11 st. in climbing a mountain 6000 ft. high ? If his actual climbing 
time is 3 Jir., what is the approximate horse-power he develops while 
climbing ? 

8. What is meant by the transformation of energy? Illustrate 

your answer by reference to either {a) a steam engine in which coal is 
used as fuel, or (6) a petrol engine. [L.U. 

9. Explain the terms momentum^ 'potential energy ^ and kinetic energy. 

Illustrate your answer by reference to the action of a pile driver. 

[L.U. 

10. What do you understand by force, work, and energy? 

Enumerate as many forms of energy as you can, and show how it 

is possible for the energy of an electric power station to*bp derived 
from solar-energy. [L.U. 

11. Define kinetic energy and potential energy. What is the source 
of energy in (a) a water mill, (6) a wind mill ? 

A car has a velocity of 30 ml. per hr. when it begins to ascend a hill 
without help from its engine. To what height will it rise before coming 
to rest, if a third of its energy is lost in friction ? [J.M.B. 

12. Explain the meaning of acceleration of a body. 

A motor car starts from rest to move down a hill without its engine 
being used. If the time for each 100 yd. is measured for about 600 yd., 
explain how you would use the observations to test whether the 
Acceleration was uniform. 

• What changes occur in- the energy of the car during its motion ? 



CHAPTER VIII 

MACHINES, FRICTION 

The age in which we live is frequently called the machine age, and 
there are few forms of work to-day in which machinery is noi used. 
Although many machines are exceedingly intricate and there is an 
immense variety of them, they all consist of combinations of a relatively 
few simple mechanisms, some of the more common of which will be 
dealt with in this chapter. 


Mechanical Advantage 

^ machine may be described as any arrangement which enables a 
for^ applied to it at one point to overcome a resistance (force) at 
another point^ As in the case of the lever, the force applied may be 
described as the effort, and the force overcome as the load. Machines 
are usually designed so that a small effort may overcome a large load, 


and the ratio 


Load 

Effort 


is called the mechanical advantage of the machine. 


In some cases a machine may be useful although the load is less than the 
effort because it enables forces to be applied conveniently where they 
are wanted. In that case the mechanical advantage is less than 1 
and might be described as mechanical disadvantage. 


EflicieiLcy 

In the working of a machine the point at which the effort is applied 
will move, and the point at which the load is overcome will also move. 
Thus, work is done on the machine by the effort and by the machine 
bn the load. While the load may be many times as great as the effort, 
the work done by the machine cannot exceed that done on the machine, 
for* by the law of conservation of energy, the energy gained by the load 
cannot exceed that lost by the effort. In a perfect machine the work 
done by the machine would be just equal to that done on it, and this 
U of any 'machine if the work done against friction and gravitation 

nibfjng its own parts is included in the work done by it. The U9^\d 
i. * 78 
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work done, Le. the work done to the load, is always less than that done 
by the effort, since some of the latter is used in moving parts of the 
machine. The ratio 

Useful work done hy the machine 
Work done on the machine 

measures the efficiency of the machine. The above fraction multiplied, 
by 100 gives the percentage efficiency. A perfect machine would have 
an efficiency of 1. Actual machines have efficiencies Ibss than 1, in 
many cases much less. 

Velocity Ratio 

If a machine has very light, freely moving parts, its efficiency may 
be very nearly 1. In that case, approximately, 

Work done by machine = Work done on machine; 

/. Load X Distance moved = Effort x Distance moved; 

• , ^ Load Distance effort moves 

• ' ' Effort iSistance load moves 

The second ratio in the above equation is called the velocity ratio 
of the machine, because the two distances are moved in the same 
interval of time so that they are proportional to the velocities of effort 
and load. 

The above equation shows that, for a perfect machine, 
mechanical advantage = velocity ratio. 

From this relation the maximum mechanical advantage h machine 
can possibly have may often be calculated from the dimensions of 
its parts. 

If the machine is not perfect, 

„„ . Work done on load \ 

by effort 

Load X Distance load moves 
Effort X Distance effort moves 

= Mechanical advantage x ^ 

Velocity ratio 

Mechanical advantage 
Velocity ratio 
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This enables the efficiency to be calculated if the mechanical advantage 
and the velocity ratio are determined. 

As a rule, the efficiency of a machine varies with the load. If the 
load is small compared with the forces needed to move the parts of the 
machine, the useful work done is only a small part of the total work, 
and the efficiency is low. Thus it may be anticipated that the efficiency 
of a machine will increase as its load increases. To a certain extent 
this is true, but there is often a limit above which, owing to frictional 
causes, further increase of load causes a decrease in efficiency. It is 
clearly important in a given case to determine loads at which the 



Fig. 04. 


efficiency of a machine approaches its maximum so that it may be 
worked in the most economical way. 

The lever, one of the simplest machines, has already been partly 
dealt with in Chapter VI. It was shown that, for a light lever, 

Load X Load arm = effort 'X Effort arm; 

Load Effort arm 

• = . . ■ . > 

Effort Load arm 

i>. Mechanical advantage = 

° Load arm 
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Balance masses E and L on a lever XY*. Tilt it to position X'Y' 
measuring the vertical heights x and y through which L and E move. 
It will bo found that 

y OA . Distance effort moves Effort arm 
X OB’ ' ‘ Distance load moves Load arm 


Velocity ratio = Mech. advantage. 


__ „ . Mech. advantage 

Hence emciency = -=- 1 — r 

Velocity ratio 



From this it appears that a lever is a perfect machine. This is 


approximately the case if it is 
pivoted at its centre of gravity 
on an almost frictionless 
fulcrum. 

Experiments should be made 
with a fairly heavy lever not 
pivoted at its centre of gravity. 
Using various loads and efforts, 
in each case adjust their 
positions until the effort just 
raises the load. Measure the 
velocity ratio as above and also 
measure the effort and load to 
find the mechanical advantage. 
Try to explain any discrepancies 
between your results and the 


P Ib.wt 



Fio. 65. Windlass. 


theoretical result above. Note particularly that, if the centre of 
gravity is on the effort side of the fulcrum, the weight of the lever 
itself helps to overcome the resistance of the load, so there is an 
advantage in using a heavy lever in such cases. 


The Windlass and Wheel and Axle 

These are machines which utilise the lever principle. From Fig. 65 
it is clear that the windlass shown is equivalent to a lever with effort 
and load arms of lengths a and 6 respectively. The rope will make 
one complete turn round the barrel, and therefore the load will be raised 
a distance equal to the circumference of the barrel, while the handle is 
making one complete revolution. 
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Hence the velocity ratio 

_ Circumference of circle described by handle _ 27ra a 
Circumference of barrel ” h* 


The theoretical mechanical advantage = 


c* 

h 


and the length of the handle must be greater than the radius of the 
barrel to give real mechanical advantage. 

Experiments should be made with a windlass to determine its actual 
mechanical advantage by arranging the crank horizontally and Ending 
the mass which must be hung from it to raise a given load. Owing 'to 



Fio. 66. Wheel and Axle. 


friction it will probably be less than the theoretical value. The 
efficiency at various loads may be calculated from 

. Mech. advantage Mech. advantage 

“ 71b 

= Mech. advantage X -• 
a 

The variation of efficiency with load can be shown by plotting efficiency 
against load in a graph. 

In t^he wbed and axle shown in Fig. 66, ropes are wound in opposite 
directions around the wheel A and the axle B, so that a pull which 
> unwinds rope from A will wind more rope on B and so raise the load. 
; again we have the equivalent of a lever with effort arm a and 
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load arm 6, so that, as with the windlass, the theoretical mechanical 
advantage is a/6. Consideration of the lengths of rope wound and 
unwound at the same time will show that the velocity ratio is a/6. 
^Actual mechanical advantage and ef&ciency may be investigated as 
in the case of the windlass. Note the mounting on ball-bearings to 
reduce friction. 


Examples. — (1) A windlass has a crank 1 ft, long cmd a barrel of 
6 in. diameter. Assuming an 80 per cent, efficiency, calculate the effort 
necessary to raise a load of 60 Z6. 

Let the required effort be x Ib.-wt. 

60 

The mech. advantage = — • 

X 


The velocity ratio = V = 
Percentage efficiency = X 1C 

= — 80a;= 60 x 25; 


X 100; 


• 80 =^xi^; 


Effort required == 18*75 Ib.-wt. 

(2) In a wheel and axle mechanism the wheel has a diameter of 3 ft. 
and the axle a diameter of 8 in. A load of 1 cwt. can he raised by an effort 
of 32 Ib.-tvt. What is the percentage efficiency for a load of \,(ywt., and 
how much “ waste ” work is done in raising 1 cwt. a height of 20 ftJ 

Moch. advantage = = 3*5 

Velocity ratio = = 4:*5; 

3*5 X 100 

/. Percentage eflaciency = — = 77*8 per cent.; 

Waste work = 22*2 per cent, of work done by effort. 

To raise load 20 ft., effort must move 20 x 4*5 » 90 ft. ; • 

Work done by effort = 32 x 90 ffc.-lb.; 

Waste work = = 639-4 
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PuU^ 

(a) Single Fixed Pulley 


Fig. 67 (a) shows the simplest way of using a pulley. Since rope 
simply passes over the pulley from one side to the other, the effort P* 
and the load W will move equal distances and the velocity ratio will 
be 1. This means that a perfectly balanced frictionless pulley would 
have a mechanical advantage of 1. Testing with various loads will 
show that mechanical advantage is slightly less than 1, but in spite of 
slight mechanical disadvan- 
tage the arrangement is 
often useful as it enables 
the operator to use the 
weight of his body for 
raising the load. 




(o) 



(6) One Fixed and 
One Movable Pulley. — 
PIb.wr. I _ ] Plb.wf.f This arrangement is shown 

in Fig. 67 (b). If the load, 
and therefore pulley B, 
rises 1 ft., each of the two 
sides of the loop supporting 
B is shortened by 1 ft., and 
therefore 2 ft. of rope passes 
over A and the effort 
moves 2 ft. Hence the 
velocity ratio is 2. The 
(b) mechanical efficiency, how- 

Pjo ( 57 ^ . ever, particularly for small 

bodies, is considerably less 
than 2 as the effort has to raise the movable pulley as well as the load. 

The following table was obtained for such a system. In each case 
efficiency has been calculated from 



Mechamcal advantage 
^ Velocity ratio 

velocity retio has been taken as 2. 
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Load 

Effort 

Mech. Advantage 

Efficiency 

0 grm.-wt. 

16 grm.-wt. 

0 

0 

20 „ 

26 

•769 

•386 

40 „ 

36 

Mil 

•556 

60 

' 46 

1-304 

•652 

80 

56 

1-429 

•715 

110 

72 

1-528 

. -764 

140 „ 

87 

1-609 

•805 

170 

102 

1-677 

•838 


Loads have been plotted against corresponding efficiencies in Fig. 68, 
which shows clearly the increase in efficiency as the load increases, 
and that the efficiency tends to become almost constant with high loads. 


(c) A Block AND Tackle is shown in Fig. 69. If the lower block rises 
1 ft., each of the 4 lengths of rope between the blocks is shortened by 1 ft., 
and so 4 ft. pass into the free length to which P is applied and the velocity 



Fio. 68. 


Fig. 69. 
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ratio is 4. As in the last case, the weight of the lower block reduces the 
mechanical advantage and efficiency. This should be investigated as in 



Fia. 70 (o). 


the last paragraph and similar 
results will be obtained. 

The number of pulleys in"^ 
each block may be more than 
two, but the number of 
lengths of rope connecting 
the two blocks will always 
give the velocity ratio. 

( d ) Weston’s Differen- 
tial Pulley (Fig. 70a) differs 
from the block and tackle in 
having the two pulleys in the 
upper block in one piece so 
that they turn together, one * 
having a larger radius than 
the other. An endless chain 
is wound round the pulleys 
as shown in Fig. 70 (6). 
Projections in the grooves 
of the pulleys interlock with 
the chain, preventing slip- 
ping. This introduces a large 
amount of friction, but the 
friction has a use in this 
particular machine. 

Suppose the chain to be 
pulled in the direction indi- 
cated until the upper pulleys 
have made a complete 
revolution. A length of chain 
equal to the circumference of 
A, t.c. 27rR in., will have 
passed over A and the eifort 
P will have moved that dis- 
tance. This length of chain 


^ have been taken from the loop supporting C, but a length 277r in. 
have been returned to the loop over B. Therefore the part of the 
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chain forming the loop will have been shortened bj — 27rr) in. 
= 27 r (B — r) in., and 0 will have risen half that distance, i.e. 

27rll 2R 

TT (R — r) in. Therefore the velocity ratio is — ^ r = ^ . If 

TT (R — r) R — r 

■^tbe difference between R and r is small, the above fraction will have 


20 

a high value, e.g. if R = 10 and r = 9| the velocity ratio will be ^ = 80, 

4 

Owing to the great friction between the wheels anc^the chain, the 
mechanical advantage never approaches the velocity ratio in this 
machine, in fact its efficiency 
is. always less than 50 per 
cent., but this means that the 
frictional resistance is always 
greater than the load which 
will not therefore run down 
again if the chain is released. 

Even with its small efficiency 
a bi^ mechanical advantage 
can be obtained and very heavy 
loads raised with little effort. 

It will be noted that the high 
velocity ratio shows that the 
load rises very slowly com- 
pared with the rate at which 
the effort moves. The relation 
between mechanical advantage 
and velocity ratio shows that 
this is always the case when 
a big mechanical advantage is 

obtained. Engineers express this fact in the statement, 
gained in force is lost in speed.” 



V/lb.wt. 

Fig. 


Fig, 71. 


What is 


Examples. — (1) A block and tackle has 3 pulleys in each block. The 
lower block weighs 10 lb. Assuming that friction is negligible, what effort 
must be employed lo raise a load of 70 lb.? 

Fig. 71 shows 6 lengths of string between the blocks; • 

Velocity ratio = 6; 

Mech. advantage when wt. of block is include]^ in load = 6; 
Effort required = = 13-3 Ib.-wt. 
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(2) The jmUeye in the fixed block of a Weston Differential Pulley have 
radii of 8 iw. and in. Taking its efficiency as 40 per cent., what is 
the greatest load which can he raised by a man weighing 11 st.? 


Velocity ratio = — = 32. 

Since efficiency = 40 per cent., 

Mech. advantage = X 32 = 12*8. 
Grfcatest effort the man can exert =11 st.-wt.; 

/. Greatest load he can lift = 11 x 12-8 = 140-8 st. 


= 17*6 cwt. 


The Indined Plane 

You probably know from experience that, when a heavy body 
is to be raised, it is easier to push it or roll it up a sloping surface 
than to lift it directly. Workmen loading barrels on to a lorry usually 
roll them up a sloping plank, and it is believed that the huge blocks of 
stone in the upper parts of the Egyptian Pyramids were, raised by 
hauling them up sloping ramps temporarily built alongside the pyramids. 

Since the indined plane gives mechanical advantage it may be 
regarded as a machine. 

Fig. 72 shows that if the effort is applied in a direction parallel to 
the plane, it moves through the length, AB, of the plane while the 
weight of the body is being overcome through a distance equal to the 
height, CB, of the plane. Therefore: — 


Velocity ratio = 


Length of plane _ 1 

Height of plane sin 6 


where S is the angle the plane makes with the horizontal. Fig. 73 
indicates the manner in which 


the actual mechanical advantage 
may be determined. 

If the effort is applied 
horizontally to the body, it 
moves a horizontal distance 
eqttal to the base, AC, of the 
plane while the weight is being 
overcome through the height, 
CB. Therefore, in that case, 



Fig. 72. 
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Velocity ratio 
__ Base of plane 1 
Height of plane tan 0 

Example. — A hand weigh- 
ing 2 cwt. is raised from the 
ground to a platform i ft. 
high hy rolling it up a plank, 
the effort being applied in a 
horizontal direction. Assum- 
ing that resistance due to 
etc., is 'negligible. 



Fig. 73. 


calculate the length of plank necessary to allow the barrel to be raised hy 
a force of 04 Ib.-wt. (Fig. 74). 

Mechanical advantage = 


Velocity ratio = 
Since fricticfti, etc., negligible, 


AC 
4 ft* 


AC _ 2M . 
4 ft. 64 » 


AC = ^ X 4 = 14 ft. 


AB = Vac* + BC* = ^14* + 42 = VlG + 196 ft. 

= 14-56 ft. 

= 14 ft. 7 in. (approx.). 

The Screw Jack 

This is illustrated in Fig. 75. You have probably seen similar 
machines being used to lift a car so that its wheels may be changed. 
If the pitch of the thread, ^.e. the vertical distance between consecutive 
threads, is x in., the load will rise x in. while the effort moves through 
a distance equal to the circumference of the circle traced out by the 

lever arm, i.e. 27 t x Length of 
lever arm. Therefore : — 

Velocity ratio 

— X lever arm* 

Pitch of screw 

Thus a long lever and small pitch 
will give * a very high velocity 
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ratio and therefore a big mechanical advantage. There is usually con- 
siderable friction between the screw and the thread in which it works, 
and this reduces the mechanical advantage. For the jack to be useful 

the frictional resistance must 



Fio. 76. iSoBEw Jack. 


be sufficient to prevent the load 
from pushing - the screw back 
when the effort is removed. 

The mechanical advantage 
/ of such a jack may be deter- 
mined by placing a load on it 
and attaching a cord to the 
end of the lever arm. The cord 
should pass over a pulley so 
placed that the cord exerts a 
horizontal pull perpendicular 
to the lever. The weight with 
which the cord must be loaded ‘ 
to start the lever moving can 
then be found. 


To find the velocity ratio, first measure the length of the lever arm 
from the axis of the screw. If the pitch of the screw is not easily 
measured directly measure the distance by which the load is raised 
by a number, say 10,' of complete revolutions of the lever, and calculate 
Its rise per revolution. 


Example. — Assuming a 40 per cent, efficiency, what must he the 
length of the lever of a screw jack, with' screw pitch f in. in order that an 
effort of 28 Ib.-wt. nuiy raise a load, of 1 ton? 

Mechanical advantage = = 80. 

Efficiency 40 per cent. ; 

. V 1 *4. 80 X 100 

. . Velocity ratio = — — = 200. 

Let the length of the lever be x in. 

Then velocity ratio = 

= 2 X iV^ X |a:= 

= 200; = W = 19-9; 


/, Length of lever must be approx. 20 in. 



MACHINES, FRICTION 


91 


Gears 

G6d,r8 are devices frequently used in machines to obtain a suitable 
velocity ratio for rotating parte. In some arrangements a pulley on 
one shaft is driven by a belt passing round a pulley of different diameter 



Fig. 76 (a). 


on another shaft. In Fig. 75 (a), B will rotate more times than A so, if the 
shaft of B is directly driven by an engine and load is applied to the shaft 
of A,^ a high velocity ratio and therefore a high mechanical advantage is 
obtained, while if the engine drives A and the load is applied to the shaft 
of B, velocity ratio and mechanical advantage will be low but there is a 
gain of speed. It is clear that the velocity ratio in such an arrangement 
is given by the ratio of the radii of the pulleys. 

In belt and pulley gears there is usually a certain amount of slipping 
of the belt on the pulleys. Where this must be avoided toothed wheels 
are used. Fig. 75 (6) shows two 
such wheels on separate shafts and 
clearly a high or low velocity ratio 
will be obtained by applying the 
direct drive to Bor A. With such 
gears the velocity ratio is given by 
the ratio of the numbers of teeth 
on the two wheels. By arranging 
a train of such wheels as indicated 
in Fig. 75 (c) a very large difference 
between the rotational velocities 
of the first and last wheels in the 
train can be obtained. Such trains of wheels are used in clocks and 
watches, and by arranging separate trains driven from the same first 
wheel different velocities for the hour and minute liands are obtained. 
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Trains of cog wheels are also used in the gearbox of a motor car. 
Fig. 75 (d) shows the essential features of a four-speed gearbox. A is 
driven directly from the engine. M, the mainshaft, which drives the 



Fig. 75 (c). 


car wheels, is not in one piece with this but revolves freely in a bearing 
inside B. B and C are always in mesh, driving the lay-shaft, N. The 
wheels E, 6, and K can slide along grooves in M, their positions being 
controlled by movements of the gear lever. With the gear lever in the 

low gear position, K 



meshes with L, as 
shown. M is then 
driven through B, C, 
L, and K. Since C 
has more teeth than 
B, N revolves more 
slowly than A, and 
since K has more 
teeth than L, M will 
revolve more slowly 
than N. Thus A is 
revolving much more 


Fig. 75 (f7). 


rapidly than M, 


giving a high velocity 

ratio and a high mechanical advantage, which is useful when the inertia 
of tho car has to be overcome on starting or when a big force is needed 
for jgoing uphill. When there is less load to overcome the gear lever is 
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moved to the next position. This disengages K and L and brings G and 
H into mesh. As will be seen, this increases the speed at which M 
revolves, reducing velocity ratio and mechanical advantage but 
increasing the speed of the car. The change to the third position engages 
E and F, which again reduces mechanical advantage and increases the 
speed. The speed of M, however, is still less than that of A. In top 
gear position the projections at D engage in recesses in B, so that M 
rotates at the -same speed as A. This position is used* on the level or 
downhill, where little load has to be overcome and speed is of more 
importance than mechanical advantage. For reversing, a wheel on N 
drives a wheel on a separate shaft which in turn drives one on M which 
is thus made to rotate in the opposite direction to A. 


A bicycle is said to have a gear equal to 

, , , No. of cogs on sprocket wheel 

Ht. of back wheel x -.t “ r" r - — 

No. 01 cogs on hub wheel 

This multiplied by tt gives the distance the bicycle travels during each 
revolutioh of the pedals, for (tt X ht. of back wheel) = circumference 
of back wheel, and the fraction gives the number of times it turns 
during each pedal revolution. Since the cogs are evenly spaced, the 
fraction is equal to the ratio of the circumferences of the sprocket and 
hub wheels. Thus the distance moved by the bicycle illustrated 


during each pedal revolution is 27 rd X 


2 ^ 

27rc 


27Tbd 


The distance the 


elTort moves in the same time is 


27 t X length of crank 

Velocity ratio 

^ l 27 Thd ac 
-2™/ -jj. 

It will be noted that the 
velocity ratio, and therefore 
the mechanical advantage, 
is considerabi}' less than 1 . 
In this case, however, the 



“ load "—mainly frictional and air resistances— is usually small, so 
mechanical advantage can be sacrificed to securing a rapid movement 
* of load compared with that of the effort. * 
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lUction 

A number of references to friction have bee n made in this chapter. 
It is generally known that the term frfers/to forces which resist the 
motion of one surface over another surface in contact with it.J/ Friction 
arises l>ecause no surface is perfectly smooth, and the roughnesses of 
the one surface catch on those of the other. The reactions between 
Chese roughnesses act as forces parallel to the surfaces in contact. 

It has been seen that friction reduces the efficiency of machines 
and often causes much of the work done by the effort to be wasted, 
but that in some cases friction plays a useful part. Actually, life 
would be very difficult if friction did not exist. Walking would be 
impossible for the forces exerted on the feet would cause them to slip 
backwards instead of the reactions to them propelling the body 
forwards. Any body placed on a sloping surface would slide down, 
since there would be nothing to counteract that component of its weight 
acting parallel to the surface. Brakes would not stop cycles and 
motor cars as there would be no force exerted in the direction necessary 
for stopping the motion of the wheels. • 

It is obviously important to engineers that the laws governing 
friction should be understood. As an example of this it may be 
pointed out that the earliest locomotives had cogged driving wheels 
which engaged projections on the rails, as it was not realised that 
frictional forces would be sufficient to prevent the wheels from slipping 
on the rails. Similar arrangements are still used on very steep 
mountain railways, and railway engineers need to know what conditions 
will make this necessary. 

Laws of Friction 

Obtain a block of wood about 6 in. X 4 in. X 3 in. Plane one of 
the 6 in. X 4 in. and one of the 6 in. X 3 in. surfaces as smooth as 
pomble, and leave the others somewhat rough. Place the block with 
its planed 6 in. x 4 in. surface on the bench and attach a dynamometer 
as ^own in Fig. 77. Gradually increase the pull on the dynamometer 
until the block just moves, and try to note the reading when the block 
ip nn the point of sliding. Note also that the reading 'falls as sliding 
begins. Repeat several times and note that the same reading is 
always obtained just before the sliding begins. Pull the block from 
the other end and note that the same reading is obtained. Repeat thQ 
ex|N 9 itiQai^t with the block on the planed 6 in. x 3 in. surface, and the 
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same leading will be obtained once more. With the block resting on 
on4 of its unplaned surfaces a higher reading will be obtained. 

From these observations the following deductions may be made:— * 
^ (1) The friction always acts in such a direction that it opposes the 

^ motion. ’ 

(2) Until motion takes place it adjusts itself so as to be equal to, 
the force tending to produce motion. 

(3) In any given case there is a limiting value to the frictioiml 
force. 

* (4) When motion is taking place the friction is less than the limiting 
value mentioned in (3). 

. (5) The limiting friction is independent of the area of the faces in 
contact. 



Wqmtwt. 

Fig. 77. 


(6) It does depend on the nature of the faces. 

With regard to points (2) and (3) it should be noted that, when any 
pull less than that which caused motion was given to the block, there 
must have been an equal and opposite force acting to prevent motion. 
Therefore, as the pull increased, the friction must have increased at 
the same rate until a point was reached beyond which the friction 
could not increase and motion began when the pull exceeded that limit. 

Coefficient of Friction 

Weigh the block of wood. Let it rest on one of its planed faces, and^ 
place a weight on it. The total weight of the block and weight is called 
the normal reaction of the block, because it measures the force exerted 
on the bench in a direction perpendicular to it, and hence, by Newton’s 
Third Law, the reaction in an opposite direction of the bench on the 
block (W and B in Fig. 77). Find the limiting friction as before. 
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Repeat a number of times, varying the weight on the block. It will 
be found that, as the normal reaction increases, the limiting friction 
increases. Tabulate your results in the form — 


Normal Reaction 

Limiting Friction 

Limiting Friction 
Normal Reaction 

i 




It will be found that a constant value is obtained for the fraction 
in the last column, showing that the limiting friction is directly 
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proportional to the normal reaction. This constant fraction is called 
the coeffldient of friction between the two faces in contact. It depends 
partly on the two substances concerned and partly on the extent to 
which the two faces have been smoothed. For two metal surfaces it 
Ay vary from *15 to *30. Between leather and metal it may be as 
high as *6. The high value in the latter case is one of the reasons for 
tifiing leather belting in machinery. 

':f ' 

LAicatiion 

Where friction is a nuisance it is often decreased by lubrication, 
1 . 6 . , introduoing ^>il or grease between the surfaces sliding over one 
Xbe lubricant forms a film on each surface, and to some 
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extent keeps their roughnesses apart. Where the presence of oil or 
grease is undesirable, graphite or black lead is often used, as this will 
form a highly polished coating on the surfaces. 

Another device for lessening friction is the ball or roller bearing. 

^In such bearings the surfaces do not slide but roll over one another, 
and rolling friction is much less than sliding friction. 

• 

Example. — A planky 8 ft. long^ has one end 1 fi. high^ than the other. 
What force parallel to the plank will be necessary to push a box up U, the 
box and its contents having a mass of 100 lb. and the coefficient of friction 
between it and the plank being 0*3? (See Fig. 78.) 

The normal reaction R = X, which is the component of the wt. of 
the box acting perpendicularly to the plank. 

ZWOX = Z.CAB =$; B = X = 100 cos » 100 x ^ Ib.-wt. 

AB = -v/AC* - BC* = \/64- 1 = ^63 = 7-94 ft.; 

• R=:100x^lb.-wt.; 

7,94 

Limiting friction, F, = -3 X 100 x = 29-8 Ib.-wt. 

o 

But Y, the component of the weight of the box acting parallel to 
the plank, also acts down the slope. 

Y = 100 sin 6 Ib.-wt. = 100 X ^ Ib.-wt. 

= 100 X I = 12*5 Ib.-wt.; 

Total force, P, required to move box upwards 
= 29-8 + 12-5 = 42-3 Ib.-wt. 


QUESTIONS ON CHAPTER VIII 

1. Give the meanings of the terms mechanical advantage, vdooity 
ratio, and efficiency as applied to a machine, and explain the relation 
between them. 

. How would you measure the velocity ratio and the mechanical 
advantage of a screw jack i 

GXN. PHI, 
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2. What is the velocity ratio of the pulley arrangement shown in 
Fig. 79 ? If, when W = 100, the effort P needed to raise it is 30 Ib.-wt., 
what is its mechanical advantage and efficiency for the given load ? 

How would you expect its efficiency to vary with the load ? 
Give reasons for your answer. 

3. Draw diagrams of a windlass and of a wheel and axle. Explain 
r the working of each, and from your diagrams deduce their velocity ratios. 

For what definite purposes have 
you seen such arrangements being used. 

4. A pulley system has three pulleys 
in the upper block and two in the lo\Yer 
one. Draw a diagram showing how the 
rope is arranged, and from it deduce the 
velocity ratio of the system. 

If its efficiency is 60 per cent., what 
effort will be needed to raise a load of 
2 cwt. with it, and what would be the 
maximum load a man weighing 12 st. 
could raise with it ? ‘ 

5. Draw a diagram of Weston’s 
differential pulley and deduce its velo- 
city ratio. 

If the pulleys in the fixed block have 
diameters of 6 in. and 5| in., and the 
efficiency is 20 per cent., what is the 
mechanical advantage ? 

6. A pulley system with two pulleys 
in each block is used to pull a truck 
which, with its load, weighs 5 tons up 
inclined rails which rise 1 ft. to each 
10 ft. of rails, the rope attached to the 

Fig. 79. truck being parallel to the rails. Assum- 

^ ing 75 per cent, efficiency of the pulley 

system and neglecting friction in the bearings of the truck, calculate 
the effort required. Also calculate the work done by the effort and 

the work done on the truck when the latter travels 10 ft. along the rails. 
* 

?• What is the pitch of the thread of a screw jack if 12 complete 
toms of the handle raise the head 9*6 in. ? Assuming an efficiency of 
40 cent., what length must the handle be to give a mechanical 




MACHINES, FRICTION 


8. Explain the meaning of sliding friction. Give three examples 
in which friction is troublesome and three in which it is useful. 

Mention three ways of reducing the effects of friction in machines. 


9. State the law of friction between two surfaces, and define any 
^ terms you use in the statement. 

The following results were obtained with a block of wood on a 
wooden surface : — 


Wt. of block and load ... 

450 

500 

550 

600 

650 grm. 

Force required to make 
block slide 

90*5 

99-5 

110 

121 

129 grm-wt.. 


Show that they approximately agree with the law, and obtain a 
value for the coefficient of friction between the surfaces. What 
difference would you expect to be made to the results by (a) resting 
the block on another face which was smaller than, but as smooth as, 

the one used, and (6) using a rougher surface.? 

• 

10. A body weighing 100 lb. is on a surface inclined at 30° to the 
, horizontal, the coefficient of friction between the body and the surface 

being 0*3. What force acting parallel to the surface must be applied 
to prevent the body from sliding down the slope ? 

11. Explain what is meant by mechanical advantage and velocity 
ratio of a machine. 

Describe how a velocity ratio of 4 can be obtained with (a) a lever, 
(5) a system of pulleys, (c) an inclined plane, (d) a wheel and axle. 

[L.U. 

12. Describe the principle of the action of a simple lever. In an 

ordinary water pump the lever is bent at an angle at the fulcrum and 
is heavy at the handle end. Explain the advantages gained by these 
features. [L.U. 

13. Describe, with the aid of clear diagrams, two machines suitable 
for raising from ground level a case weighing 4 cwt., provided with » 
hook, when the available force does not'exceed 200 Ib.-wt. 

Vhiat work must be done by this force in lifting the case 2 ft.* if 
fr- the efficiency of the machine is (a) 100 per cent., (b) 90 per cent. ? [ J.M.B. 

. 14. Explain the terms velocity ratio, mechanical advantage, and 
efficiency as applied to a machine. Calculate the value of each of 
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these quantities in the case of a wheel and axle, the radii being respect- 
ively 4 in. and 1 in., and a load of 20 lb. being raised by a force of 6 lb. 
applied in the usual way. [J.M.B. 

15. A simple machine intended for hoisting loads has its mechanism 
totally enclosed, and hanging from it are two ropes marked A and B. 
Describe how you would determine — 

(а) To which rope the load should be attached. 

(б) The velocity ratio of the machine. 

(c) The effort required to raise a load of 100 lb. 

(d) The efficiency of the machine when used to raise a load .of 

100 lb. [J.M.B. 

16. Explain carefully (a) the moment of a force about a jioint, (b) the 
'principle of moments. 

A bucket weighing 40 lb. is drawn out of a well by a chain wound 
round a cylinder of diameter 4 in. The crank by which the cylinder is 
turned describes a circle of radius 2 ft. Give a diagram of the arrange- 
ment and find the force that must be applied. 

How much work is done in 10 revolutions ? 


[J.M.B. 



CHAPTER IX 

ELASTICITY 

The word elastic is probably connected in the reader’s mind with 
fabric containing rubber threads which has the propertj^of being easily 
stretched and of springiiig back to its original length when released. 
Non-scientific people usually think mainly of the ease with which it is 
sttetched when thinking of “ clastic.” Actually this is an indication 
that the fabric referred to is not a very elastic substance. For instance, 
no one would speak of plasticine as being an elastic substance, though 
a roll of it may easily be pulled out to a greater length. The difference 
between the “ clastic ” and the plasticine is the tendency of the former 
to recover its original length after being stretched. 

The difference between clastic and non-elastic substances may also 
be illustrated by dropping a ball of plasticine and a glass marble from 
a height of a yard or two on to a hard floor. The marble will rebound 
into the air, but the plasticine ball will not. Examination will show 
that the part of the plasticine ball which came into contact with the 
floor is flattened, but there is no indication of flattening on the marble. 
If the marble is dropped again on to a hard surface which has been 
smeared with ink, a considerable area of its surface will be marked by 
the ink. This indicates that the part of the marble which struck the 
surface was flattened but that it recovered its shape again. The 
rebounding of the marble is due to this. 

These illustrations indicate that, when an elastic body is subjected 
to forces which tend to alter its shape or size, opposing forces are set 
up which tend to restore it to its original condition. This was shown 
in the investigation of the stretching of a spiral spring on page 10. 
The greater the opposing forces and the more complete the restoration 
of the original condition, the more elastic the body is said to be. Thus 
glass is much more elastic than india-rubber. Much more force is 
needed to stretch a glass rod than to stretch equally an india-rubber 
cord of the same length and thickness, and the glass rod will spring back 
to its original length much more strongly than the rubber cord. 

. From very early times use has been made of elastic forces. The 
restoring forces set up when a bow is bent propel the arrow, and stones 
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are flung from catapults by elastic forces. A long list of present-day 
applications of elasticity could be made including all uses of springs 
and the absorption of shocks by the inflated tyres of cycles and motor 
cars. 


:] 


Stress and Strain 

* In the study of elasticity the term stress is used to denote the force 
exerted on the body, and the term strain to denote the 
resulting effect. In defining exactly what is meant by 
stress and strain in any particular case consideration 
must be given to the kind of effect being produced. 

In connexion with the lengthwise stretching of 
wires, it is evident that the amount of extension caused 
by a given force will depend on the thickness of the 
wire. If two wires of the same length and material bat 
of different thicknesses are to be given equal extensions, 
we should expect a greater force to be required for the 
thicker one than for the thinner one. We therefore 
define stress in that case as the force exerted per unit 
area of cross-section, or — 


iD 

Fig. 80 


Stress = 


Force 

Area of cross-section 


We should also expect the extension to depend on the 
original length of the wire, for the force would be trans- 
mitted all along the wire and each unit of it would 
undergo a certain extension. Hence we define the strain 
as the extension per imit of original length, or — 


Strain = 


Extension 


Original length 


Hooke’s Law 

Robert Hooke (1635-1703) stated that for elastic substances strain 


il proportional to stress, 


stress 

strain 


is constant. This constant is called 


the modulus of elasticity of the substance for the particular type of 
strain being considered. In the case of stretching the constont is 
known as Young’s Modulus for the substance. 
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Young’s Modulus 

For the substance of a wire, this can be determined by the arrange- 
ment shown in Fig. 80. A long wire, X, of the material to be tested, 
nd another wire, Y, of about the same length are clamped to a beam 
on the ceiling. Y is kept taut by a fixed weight, A, and carries a metal 
plate B with a scale of millimetres engraved on it. X has attached to 
it a plate C with a vernier scale which slides alongside B. Below C a 
weight carrier D is fixed. • 

The length of X is measured as is its diameter, the latter measure- 
ment being taken by a screw gauge. A weight is hung on D after a 
vernier reading has been taken. The movement of the vernier enables 
the extension of X to be measured. Weights are added step by step 
and the extension produced by each load is measured. In this way a 
set of results as below can be obtained. 

Material : Copper. Length of X = 2 m. 

Diameter of X = *9 mm. ; Area of cross-section = *0064:4 sq. cm. 


Load 

Stress = 

Load 

Exten- 

sion 

Strain =« 
Extension 

Young’s Modulus 
Stress 


Area of X Sect. 

Original Length 

"" Strain 


Grm. per Sq. Cm. 



Gbm. per Sq. Cm. 

1 kilog. 


*22 cm. 


14*1 X 10* 

o 

“ »> 

3106 X 10® 

•45 „ 

•00225 

13-9 X 10* 

3 „ 

4*659 X 10® 

•67 „ 

•003,35 

IS'G X 10* 

4 „ 

6*212 X 10® 

•90 „ 

•0045 

13*9 X 10* 

5 „ 

7*764 X 10® 

M2 „ 

•0056 

13*9 X 10* 

0 .. 

9*317 X 10® 

1-34 „ 

•0067 1 

13*9 X 10* 


It will be seen that a constant value is found for Young’s Modulus. 
If a graph of extension against load is drawn as in Fig. 81, it will be 
found to be a straight line showing the regular increase of extension 
as the load is increased. 

Example. — Young's modulus for steel is 2 x 10^* dynes per sq, cm. 
What extension will be produced in a steel wire, 1 mmt in diameter and 
2| m, long, by hanging a mass of 3 kilog, from Ut 
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permanently stretched 
to a certain extent. 

When the wire is 
near breaking point, as 
at N, the graph is 
nearly horizontal, show- 
ing that a very small 
addition to the load will 
cause a very large exten- 
sion. When in this state 
a, small pull with the 
fingers will pull the wire 
out considerably. It is 
then said to have passed 
its yield point. 


k gmi. 



0 -2 .4 .6 4 1-0 1-2 1-4 cmt 

EXTENSION 


Fio. 81. 


QUESTIONS OxN CH APTER IX 

1.* Explain, illustrating your answer by examples, what you mean 
by a substance being elastic. How could you show by experiment 

that iron is more elastic 

'*»• than wood ? 
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Give three common 
examples of the applica- 
tion of the elastic 
properties of substances. 

2. State Hooke’s Law, 
and define any terms you 
use in the statement. 

Explain what is 
meant by Young’s Modu- 
lus of elasticity for a 
substance, and state how 
you would determine it 
for a given meta!. 

3. Explain what you 
mean .by the limit of 
eJmtidty and the yidd 
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point in connexion with a wire, and draw a graph to illustrate your 
answer. 

4. A wire 2*8 m. long is stretched by *5 mm, when a weight of 9 
kilog. is hung on it. Its diameter was 2 mm. Calculate (a) the stress,-. 
(b) the strain, (c) Young’s Modulus for the substance of the wire. 

6. If Young’s Modulus for steel is 2 X 10^* dynes per sq. cm., 
what force would be necessary to stretch a steel wire 3 m. long and 
2 mm. in diamSter by *5 cm. ? Answer in kilograms-weight. 

6. A certain type of wire is found to pass its elastic limit when the 
strain exceeds It has a diameter of *04 in., and Young’s Modulus 
for its substance is 12 X 10* pndls. per sq. in. What is the greatest 
weight that can be hung from a length of it without causing permanent 
stretching \ 

Would that maximum load vary with the length of wire used ? 
Give reasons for your answer. 



CHAPTER X 

PRESSURE IN LIQUIDS 

A body always exerts a force equal to its weight on any surface 
supporting it. The effect of this on the surface depends on the area 
over which it is spread. When you stand on loose sand your feet sink 
deeply into it, but if you lie down on it your body sinks in very little. 
When you are standing, the whole of your weight is exerted on the 
area covered by your feet so that a big force is exerted on each square 
inch of thelirea supporting you, and considerable movement of the 
sand below your feet is caused. When you lie down the total weight 
supported by the sand is the same as before, but 
it is distributed over a much greater area, and 
each square inch of the sand surface experiences 
a much smaller force than before. In consider- 
ing the actions of forces on surfaces we must, 
therefore, think of force per unit area rather 
than of total force. This force per unit area is 
called the pressure on the surface. 

Pressure Within a Liquid 

If a point within a liquid is considered it 
will be clear that there must be equal upward 
and downward pressures at that point. If we 
think of a thin layer, XY (Fig. 83), below the 
surface of some liquid in a vessel, the weight of the liquid above must 
be exerting a downward force on that layer. But the layer does not 
move, so an equal upward force must also be acting on it. 

Not only are there upward and downward pressures at a point in a 
liquid, but there are pressures in all directions. Thus if a hole is 
punched in the side of a deep can filled with water, the water spurts 
out horizontally from it, showing the existence of sideways pressure. 

The pressures in all directions at a given depth in a liquid are equal. 
This can be shown as indicated in Fig. 84. To a tu^^e, bent as shown, 
attach the head of a thistle-funnel by a short length of stout rubber 
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tubing. Tie a thin sheet of rubber tightly across the mouth of the 
funnel, and put a little water in the lower bend of the tube. When the 
funnel is lowered into water, the pressure of the watej will push the 
rubber inwards. This will make the air in B press on the water in the 
tube and drive more of it up into A. Turn the mouth of the funnel in 
various directions, always keeping the centre of the rubber at the 
same level. It will be found that the water is always driven to the 
same level in A. If the funnel is placed at various depths in the 
water, the level in A will vary. 

Depth and Pressure 

Bore holes in the side of a deep tin can (Fig. 85). Place it under 
the tap and keep it full of water. The water will spurt out much 
fiuther horizontally from holes near the bottom of the can than from 
those near the top. If two holes are made at the same level, water 
will spurt to equal distances from them. This shows that pressure 
increases as depth increases. 

The relation between depth and pressure may be found as follows. 
Into a flat-bottomed tube about 1 in. wide put sufficient sand or lead 
riiot to make it float upright. Weigh the tube and its contents, and 
float in water in a glass jar (Fig. 86). Measure the depth to which the 
bottom of the tube sinks below the surface of the water. Bepeat 
several times using various weights. Measure the diameter of the tube 
imd calculate the, area of its bottom. When the tube is floating, the 
force of the water on the bottom of it must be equal to the 
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weight of the tube and its contents. Hence, that weight, divided by 
the area of the bottom, must give the pressure at the depth to which 
the tube sank. Tabulate your results as follows: — 

^ Diameter of tube = 2 cm. 

Area of bottom of tube = tt X (radius)* = y x l*sq.cm. = 3*14 sq.cm. 


Weight 

.p, Weight 

Pbessure = — -j 

Area 

Depth 

Pressure 

Depth 

16-3 grm. 

5*19 grm. per sq. cm. 

5-1 cm. 

1*02 

•41-8 „ 

13*3 ,, ,, „ ,, 

13-3 „ 

1-00 

55-4 „ 

17*7 „ „ „ „ 

17-6 „ 

101 

64-1 „ 

20*4 „ „ „ „ 

2e-5 

•995 

77-9 „ 

24*8 „ „ „ „ 

24-8 „ 

1-00 


Pressure 

An approximately constant value of found, showing that 

the pressure is ‘directly proportional to the depth. Also, with water 
it is found that this constant value is approximately 1, i.e. it is numeri- 
cally equal to the value of the density of water. 

By repeating the experiment, using other liquids whose densities 

Pressure 

are known, it can be shown that = Density is true in each 


case. 


Depth 

This result may also be written — 


Pressure = Depth X Density. 

Remembering that the density of water is 62*5 lb. pfer cub. ft. 
it follows that the pressure at a depth of 
10 ft. in water is 625 lb. per sq. ft., at 20 ft. it is 
1250 lb. per sq. ft., and so on. Since the pressure 
increases with depth, the thrust on a reservoir 
dam increases with depth : hence dams are much 
thicker at the base than at the top. You will 
also realise that, as a diver descends into water, 
air must be pumped into his suit up to a pressure 
equal to that of the surrounding water. At a 
comparatively small depth this pressure becomes 
g;reater than the body can bear, and for deep lead’ shot or sano 
sea diving, metal suits must be used which will Fio. S6. 
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withstand the pressure of the water without being inflated to an 
equal pressure. 

Example. — A tube whose area of cross-section is 5 sq, cm, is loaded 
with shot till its total weight is 32 grm. To what depth wHl it sink in 
water ^ and what is the density of a liquid to which it sinks to a depth of 
7-6 cm,? 


(a) Pressure to support tube = ^ = 6-4 grm.-wt* per sq. cm. 
Pressure 6-4 - . 

/rv Tk -x Pressure 6*4 q- 

(o) Density = == = *85 grm. per c.cm. 


Columns of Liquids ^ 

If a liquid is poured into a set of communicating vessels it rises to 
the same height in each, as shown in Fig. 87, although they may have 



very different diameters and shapes. The pressure must be the same 
at all points along the horizontal tube in the apparatus illustrated or 
the liquid would be moving from one part of it to another. This 
emphasises the fact that the only factors which need be taken into 
account in connection with the pressure of a column of liquid are its 
vertical height and its density. 

The principle that balanced columns of the same liquid will always 
rise to the same height (“ Water finds its own level **) has many 
applications. Fig. 88 shows a surveyor’s water-level. However the 
instrument may be tilted, sighting along the two water surfaces will 
always give a true horizontal line. 

. iQauges to show the height of water in boilers or petrol in tanks can 
1>e^^ji(Utde by connecting narrow vertical glass tul^s to them. The 
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liquid will always stand at the same height in the gauge as in 
the vessel. The same principle is applied in the water supply to 
a town. If possible, the supply reservoir is made on high ground. 
Where this is not convenient, the 
i^fwater is pumped to the top of 
a high tower to give a “ head.” 

Water will then rise in the con- 
nected pipes to any point which 
is not higher than the “ head.” 

Fig. 89 illustrates an artesian 
well. A, B, and C are saucer- 
shaped beds of rock, A and 0 
being impervious to water while 
B is porous. Water soaking in 
at the ends of B fills it up to 
the level XY. If a hole is bored 
through A in the position shown, 
water yill spouf up from it, and if pipes are fitted to the hole, it will 
rise in them to the level XY. 


Experiments with U-Tubes 

Into a U-tube pour sufficient mercury to fill the bend. Pour water 
into limb A (Fig. 90) until it is nearly full. This will push the mercury 



Fro. 88. SuEVEYoa’s Watee Level. 



Fio. 89. An Abtxsian WaUi. 

A = Impervious stratum. B = Water-laden chalk. 
G s= Impervious stratum. 


nround to the right, but it will not rise to the same height as the water 
in A. The mercury in A will balance that in B up tp Y at the same 
level as X. Therefore the coli^i^ of mercury of height balances the 
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column of water of teight Measure these heights. Since the 
columns balance they have equal pressures; 

/. Aj X density of mercury density of water; 

Density of mercury 
Density of water hi 


t.c. Rel^five density of mercury = 


Ht. of water column 
Ht. of mercury column 



To find the relative density of other liquids, such as parafiin, the 
balancing columns may be separated by mercury, as in Fig. 91. Pour 
the mercury in first. Then pour some paraffin into A. Next, carefully 

pour water into B until 
the two mercury surfaces 
are at the same level. 
The paraffin column is 
then balancing the water 
column, and as above, 

Relative density of 
paraffin 

^ Ht. of water column 
Ht. of paraffin column 

Since height and 
density completely deter- 
mine the pressure of a 
column (page 109), the results of these experiments will not be affected 
by inequalities in the bore of the tube, nor will they be affected 
by the tubes not being upright so long as the heights are measured 
vertically. 

Example. — A column of water 50 cm. high balances a column of 
alcohol 62*5 cm. high or a column of glycerine 40 cm. high. Calculate the 
specyic gravities of alcohol and glycerine. 

Also adculate the height of a ^ycerine column which will balance a 
column of alcohol 50 cm. high. 

50 

Specific gravity of alcohol = 


Specific Gbavity 
or Mebcuby. 


SrEoiFio Geavity 
Paraffin. 


OF 


Specific gravity of glycerine = == 1-25. 
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Let X cm. be height of required glycerine column. 

Then V25 x » = 50 X *8; 

50 X *8 rtft , 

1-25 

/. Ht. of glycerine column == 32 cm. 

The Hydraulic 

This machine is illustrated in principle in Fig. 92. It consists of 
t wo connected cylinders of differ- 
ent boroR filled with water and 
fitt^ed with tight pistons. If a 
mass of 20 lb. is supported on 
the piston in A. the prftssiire_on 
the water surface in A is 
20 Ib.-wt. per sa. ft. Since pres- 
sures at points at the same leve l 
in a Ij quifI f.hprp ia a 

pressure of 20 Ib.-wt. per 
s q. ft. at the surface of the 
water in R. -Thftrefnm thfirft 
is a total force of 200 ib.-wt, on 
the piston in B, and the 20 l b. 
mass^on A will support a 
2 00 lb. i nff ^ ripnrly, by 

leaking A very narrow and R 
very wide, a small force applied 
to the piston in A can raise a 
Targe mass on the piston in B. 

It will follow from the above example, that for a hydraulic press, 

Mechanical advantage = 

Area of small piston 

It can be shown that the velocity ratio has the same value, for to 
transfer 1 cub. ft. of water from A to B, the plunger must descend 1 ft. 
But an additional cubic foot of water in B will only raise the level ^ ft. ; 

Velocity ratio = 1 = 

^ 1 Area of small piston 
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From these figures the principle of work also follows, for a force of 
20 Ib.’Wt. acting through a distance of 1 ft. overcomes a load of 
200 Ib.-wt. through a distance of ^ ft.; 

Work done on the machine = 20 X 1 ffc.-lb. = 20 ft.-lb. 


Work done by the machine = 


X ft.-lb. = 20 ft.-lb. 




Hydraulic machinery is much used to-day in presses, jacks, and 

lifts. Braking systems on 
many cars are also actuated 
by pressure transmitted 
through a liquid contained in 
a cylinder, the brake lever 
operating a piston in the 
cylinder. By connecting all 
the brakes by pipes to the 
same cylinder, even pressure 
on all of them is obtained. 


mm 




Fig. 93, 


Example. — The diagram 
illustrates a baling press, A 
has a diameter of 6 w., B 
diameter of 24 in, OP is 8 in., 
and OQ w 2 ft. Assuming 70 per cent, efficiency, find (a) the velocity 
ratiOy (h) the mechanical advarUage, (c) the force exerted on the hale when 
an effort of 10 lb,-wt, w applied at Q. 

For lever OQ, velocity ratio = = 3. 

• UJr o 


TT X 12^ 12^ X 12^ 

For the hydraulic press, velocity ratio = 1 6 ; 

TT X X 

/. When the piston in B moves 1 in., that in A moves 16 in. and 


Q moves 16 X 3 = 48 in.; 


Velocity ratio == 48. 

48 X 7(X 

Mechanical advantage y rSH ’— 33-6 : 

!,Xw{ 

*. F<nce excited on bale by effort of 10 Ib.-vt. at Q 
«= 10 X 8S-e = ^ Ib.-wt. 
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QUESTIONS ON CHAPTER X 

1. Explain what is meant by (a) the pressure on a surface^ (h) the 
pressure at a point in a liquid. 

^ Describe an experiment to show that equal pressures are exerted 
in all directions at a point in a liquid. 

2. How could you show experimentally that the pressure at a 
point in a liquid (a) varies with the depth of the liquid, and (6) is the 
same at all points at the same depth 1 

3. Describe an experiment to show that the pressure at a point 
in a liquid is equal to the depth of the point multiplied by the density 
of the liquid. 

4. A flat-bottomed tube, 4 sq. cm. in cross-section, sinks to a depth 
of 8 cm. in water and to a depth of 10 cm. in alcohol. VVhat is the 
weight of the tube and its contents, and what is the specific gravity 
of alcohol? To what depth would the tube sink in salt water of 

density 1*02 grm. per c.cm. ? 

• 

6. ’Describe the method of measuring the specific gravity of a 

S aid by means of a U-tube, explaining how the result would be 
culated. Need the tube be of uniform bore ? Give reasons for 
our answer. 

6. Mercury is placed in the bend of a U-tube which is of uniform 
tore. Water is then poured into one limb until a column of water 
0 cm. high is obtained. 

What will be the differ- 
ence between the levels « 
of the two mercury 
surfaces ? 

How high a column 
of alcohol, of specific 
gravity 0*8, would have P’iq, 94, 

to be placed in the other 

limb to bring the mercury surfaces to the same level once more? 

7. Describe three cases in which the principle that ** water finda 
its own level ” is applied. 

Fig. 94 shows a section, with vertical scale exaggerated, 6f the 
country between a town and its water reservoir. The reservoir is at 
B and the town is built on the slope XY. Make a drawing of the 
section and mark on it the path along which the water main most be 




116 


GENERAL PHYSICS— MECHANICS 


laid so that as much as possible of it lies oil the surface of the ground. 
Mark also the highest point on the slope XY at which a house can be 
served with water from the reservoir. 

8. Explain the principle of the hydraulic press, and make a sketch, 
of a press suitable for pressing loose materials into tight bales. 

Assuming perfect efficiency, explain how the mechanical advantage 
of the machine you draw could be calculated. 

9. Water is poured into a glass U-tube of uniform cross-section 
1 sq. cm. until each limb (30 cm. high) is half filled. Explain why the 
level of the water is the same in both limbs. 

20 c.cm. of paraffin (specific gravity 0*8) are carefully poured into 
one limb. What is the final height, above the bottom of the tube, of 
the surface of separation between the water and the paraffin ? [J.M.B. 



CHAPTER XI 

PRESSURE IN GASES. BAROMETER. BOYLE’S LAW 


“ Streamlining *’ to reduce the effects of air resistance has played a 
big part in the efforts to increase the speed of aeroplanes, motor cars, 
and locomotives, and this indicates the importance of pressure in gases 
as well as in liquids. 

Illustrations of Air Pressure 

The fact that the atmosphere exerts a pressure is quickly realised 
if you try to wave a large sheet of cardboard in the air. 

Place a little water in a tin can and heat it until steam issues freely, 
driving out the air from the can. Kemove the flame and cork up the 
^.an quickly. Hold it under the cold-water tap. The steam inside will 
condense and the can will collapse under the external pressure of the 
atmosphere. This shows that the pressure of the atmosphere has a 
considerable magnitude. 

A number of other illustrations of the existence of air pressure can 
be given. Completely fill a tumbler with water. Place a sheet of 
paper over its mouth and press it closely to the rim. The tumbler 
may then be inverted and the paper will remain in position, preventing 
the water from running out. The upward pressure of the air on the 
paper supports the weight of the water. 

If a sheet of thin rubber is tied over the wide end of a funnel and 
the air sucked out through the narrow end, the air pressure outside 
will push the rubber inwards. This will happen no matter in what 
direction the funnel is pointing, indicating that the air exerts a 
pressure in all directions. 

This can also be shown by means of the rubber “ suckers *’ used 
for fixing hooks on shop windows. When the “ sucker is pressed 
^closely to the glass, the air is pressed out from its concave surface and 
the pressure of the air outside holds it in position. The sucker will 
stick on the wall, the floor, the ceiling, or on a board facing any direction. 
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Simple Barometer 

For collecting gases the arrangement shown in Fig. 95 is often set 
up. Since the pressure in a liquid is the same at all points at the same 
level, the pressure at A is equal to that at B which is due to the 
air above it. Hence, the water in the jar is supported by the pressure 
of the air on the surface of the water in the trough. 

If a tube two or three yards long, closed at the upper end, is used 
instead of the, jar, it too will remain filled with water when inverted in 
the trough. If, however, a tube about a yard long is carefully filled 
with mercury, all air bubbles being tapped out as it is filled, and then 
inverted in the same way in a bowl of mercury, the mercury will fall 
several inches when the mouth is opened, form- 
ing a column of mercury about 30 in. in height 
above the surface of the mercury in the bowl, 
as in Fig. 96 (a). 

Since all air was removed from the tube, 
the space at the top must be a vacuum in 
which there cannot be any pressure. . Hence 
the column of mercury must have a pressure 
just equal to the atmospheric pressure which is^* 
no. 95. supporting it. 

As 30 in. = 2-5 ft. and the density of 
mercury is 13-6 X 62-5 lb. per cub. ft., we can say — 


Pressure of atmosphere = Pressure of mercury column 


= 2-5 X 13*6 X 62*5 Ib.-wt. per sq. ft. 


2-5 X 13-6 X 62-5 
144 


Ib.-wt. per sq. in. 


= 14-76 (approx. 15) Ib.-wt. per sq. in. 
To express this pressure in Metric units, 30 in. = 76 cm. (approx.); 
Pressure of atmosphere = 76 X 13-6 grm.-wt. per sq. cm. 

= 1034 (approx.) grm.-wt. per sq. cm. 


Thus the arrangement described may be used for ineasuring the 
pressure of the atmosphere. Any instrument for doing this is called 
V li^rimeter. 
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If simple barometers are set up with 
tubes of different bores, the mercury 
columns will all have the same height 
because they all have the same pressure 
r — ^that of the atmosphere — ^and the pres- 
sure of a liquid column depends on height 
and density only. 

If the tube is tilted, mercury moves 
along it giving a longer column, but the 
surface remains at the same level, as in 
Fig. 96 (6). This again emphasises the 
fact that it is vertical height which must 
be considered in connexion with pressure 
-1 

01 Jiquias. ^ Simple BAaoMSTrau 

If a simple barometer is left set up and 

measurements of the height of the column are made from day to day, it 
will be found to vary somewhat, showing that the pressure of the atmos- 
phere varies. It* that pressure falls, it will be unable to support as tall 
a colulnn of mercury as before, and some will run out of the tube until 
the pressures balance once more. Conversely, if the atmospheric pres- 
sure rises, more mercury will be forced into the lube to restore balance. 

That the height of the column does depend on the pressure of the 
air on the mercury in the bowl may be shown by setting 
up a barometer so that it passes through a cork fixed 
in a bell-jar as shown in Fig. 97. The jar is stood on 
the plate of an air pump and air pumped out of it. 
As the air is removed, the colunm falls, and as air is 
re-admitted to the jar, it rises again. 

For many purposes we do not need to know the 
value of the pressure of the air in force units as calcu- 
lated on page 116, but only to compare the pressure at 
one time with that at another time. For this reason 






Fig. 97. 


pressures are often given by simply stating the heights 
of the mercury columns they will support. The state- 
ment “ a pressure of 75 cm.” means “ a pressure that 
will support a column of mercury 75 cm. high.” 

It is interesting to calculate the length of tube 
required for a water barometer. For equal pressures, 


Ht. of water column _ 

— = D^iaity of mercury =* 

Ht. of mercury column 


13-6; 



m 



.11^98. FoBTnr 
. ^ Babomstsb. 


and a 

in 
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The height of a water column which can be supported 
by the pressure of the atmosphere is 13*6 times that of 
the mercury column = 30 x 13*6 in. = 34 ft. or 76 x 
13*6 cm. = 1034 cm. = 10*34 m. 

A water barometer would be more sensitive than a 
mercury barometer since the movement for any given 
change of pressure would be 13*6 times as great, but 
the instrument would be inconveniently long. 

The Fortin Barometer 

This barometer, which is often used in laboratories, 
is shown in Fig. 98. The tube is enclosed in a metal 
case which carries a scale at the top. A vernier is 
attached so that the height of the column may be read 
to mm. The tube fits into a glass cistern fitted to the 
bottom of which is a wash-leather bag. Fig. 99 shows 
the details of the construction of the cistern. Above 
the mercury is a pointed piece of 
ivory. The scale at the top of the 
tube measures heights above the 
point of this piece of ivory, so the 
surface of the mercury in the cis- 
tern should always be at the level 
of that point when a reading is 
taken. The screw at the bottom, 
carrying a plunger pressing on the 
wash-leather bag, enables the mer- 
cury to be adjusted until its surface 
just touches the ivory point. It 
should be noted that, since the scale 
really measures the length of the 
mercury column, the tube should be 
vertical when a reading is taken, so 
that length and height are the same. 

Aneroid Barometers 

These barometers contain no 
re frequently used for household pur- 
cases where they have to be carried 
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about and liquid might be spilt from an ordinary barometer. Fig. 100 
shows the working parts of such a barometer. A is a metal box with 
strong sides and a thin springy corrugated top which has been partially 
evacuated. From the middle of the top rises a projection connected 
» f with a series of levers pivotted at B, C, and D. S is a strong spring. 
At E a thread is attached which winds round an axle carrying the 
pointer 6H, F is a hair-spring also attached to the axle. 

The pressure of the atmosphere tends to bend the lid of A inwards. 
If this pressure becomes less, the springiness of the lid,* together with 
the pull of S tends to raise B. This will raise C and cause E to move 
to the right, unwinding some of the thread from the axle and causing 
the pointer to move in an anti-clockwise direction, looking from above. 
Increase of atmospheric pressure will depress B, thus slackening the 
thread ; the hair-spring will then cause the axle to rotate in a clockwisQ, 
direction until the 
thread is taut once 
more. The pointer 
travels over a, circular 
scale •which has been 
graduated by compari- 
r son with a mercury 
barometer. 

Uses of Barometers 

riG. 100. Aneroid Barometer. 

In addition to 

measuring atmospheric pressures in laboratories, barometers are used 
in connexion with weather forecasting. Details regarding this will be 
found in books on meteorology, but it may be mentioned that, 
generally, high atmospheric pressures are connected with dry con- 
ditions of the air, and low pressures with moist conditions. A rapid 
fall of pressure indicates the approach of a gale. 

It must be remembered that the motion of winds is also responsible 
for changes in atmospheric pressure so that it does not always follow 
that a decrease in barometer height means coming rain. 

Barometers are also used for measuring altitudes. The higher one 
goes the less air there is above one, and so the lower the atmo^heric 
pressure becomes. From the reduction of pressure the height attained 
can be calculated. The altimeters of aeroplanes are aneroid barometers 
graduated to give direct readings of altitudes to which they are carried* 
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Apfdications ci Air Pressure 

(1) The Garden Syringe (Fig. 101). — The nozzle 
is dipped in water. When the tight-fitting piston is 
drawn upwards it sweeps the air out of the barrel 
so that there is no air pressure below it. The air ' 
pressure on the surface of the water in the pail then 
forces water up the barrel. When the piston is 
pressed in again it will drive the water out. 

(2) The Bicycle Pump. — This is a modified 
syringe. The piston is made of leather and 
is cup-shaped as shown at A (Fig. 102). 

The connector screws on to the valve B 
which is inside the tyre. This valve has a 

Fio. 101. tight-fitting rubber tube slipped over it. 

When the piston is raised, the pressure of 
the air in the tyre presses the rubber tube to the valve, closing 
the side opening at C. Thus air cannot flow back from the 
tyre to the barrel and the pressure below A is reduced. The 
pressure of the air above A then forces the flexible edge of 
the piston away from the sides of the barrel allowing air to 
flow downwards past it. As A descends again, the pressure 
of air below it presses its edge outwards, preventing escape 
upwards. Thus the pressure in the barrel and connection 
increases until it is suflicient to press the rubber away from 
the opening at C and the air is pushed between the valve and 
the rubber .tube iijto the tyre. 

(3) The Common Pump. — This is sometimes called the lift 
pump, and also depends on air pressure. At the bottom of 
the barrel and in the piston there are valves which will open 
upwards but not downwards. When the piston makes an 
upstroke [Fig. 103 (6)] the air pressure above keeps its valve 
dosed so that air is swept out of the barrel, reducing the 
|KreBSur6 below the piston. Thus, as in the syringe, the 
m^soire of air on the water in the well forces it up into the 
vmxrel. The downstroke [Fig, 103 (c)] tends to compress * 
vdlSB water in the barrel, closing the lower valve which prevents 
^j^^^ater from flowing back into the well, and opening the 
t^ve so that the piston can pass down through t^ 



PRESSURE IN GASES. BAROMETER. BOYLE’S L.\W 123 


water. On the neart upstroke [Fig. 103 tfhft of the^ water 

above the piston will dose its vdve.soJihaLit JL^^ 
runs out of the spout. At the same time water will be pu shed into 
the barrel from the we ll as 6efo re.~ 

Trom the calculation on page 120 it is clear that, if the surface of 
the water in the well is more than 34 ft. below the barrel, water will 
only rise to a height of 34 ft. in the pipe and the pump will not work. 
It is interesting to recall that the failure of a pump made in the 
seventeenth century for a deep well belonging to the* Duke of Milan 
led to the recognition of the pressure of the air. Previously the 



working of pumps had been explained by saying that Nature abhors 
a vacuum,” i,e, it was believed that the water came into the barrel to 
prevent a vacuum being formed there. Oallileo was called in to investi- 
gate the Milan pump. He suggested that perhaps the working was 
due to air pressure which had a limited value and therefore could not 
support a column of water of more than a certain height. One of his 
pupils, Torricelli, then performed for the first time the experiment of 
setting up a simple mercury barometer showing that a vacuum could 
exist and that the pressure of the atmosphere had a limited value. 
For this reason the space at the top of the mercury barometer is still 
referred to as the Torricellian vacuum. 
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(4) The Force Pump (Fig. 
104). — This is a modification of 
the common pump which enables 
water to be raised to greater 
heights. The piston is solid, and 
a side tube, with an outward 
opening valve, leads out from 
near the bottom of the barrel. 
On the upstroke of the piston, 
water is forced up into the barrel 
as in the case of the common 
pump, outside pressure keeping 
the valve in the side tube closed. 
The downstroke closes the valve 
at the entrance to the barrel and 
forces the water up the side tube. 
The air cushion in the chamber 
connected to the side tube 
steadies the flow of watcir up 
the tube. During the down- 
stroke of the piston this air cushion is compressed, and its pressure 
keeps the water flowing during the piston’s upstroke. Pumps of this 
type are used in fire-engines so that water may be forced to heights of 
100 ft. or more. 

The height to which water may be forced up the aide tube 
depends only on the mechanical strength of the pump, but since 
the water ‘is p4^ed into the barrel by air pressure, the barrel 
must not be more than 34 ft. above the water in the well. 

Example. — Fig, 105 r&presents the lever 
and piston of a force pump, the fulcrum of the 
lever being at B. AB is 6 in, and BC is 3 ft, 

The area of the piston is 24 sg, in. To what 
height above the pump may water he raised by a 
fvroe of 4 sL^wt, applied at Cl 

Mech. advantage of lever = V- := 6; 

lessee exerted on piston 

« 66 X 6 = 336 Ib.-wt.; 




Fio. m. 
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336 X 1 11 

Pressure on water in barrel = ^ : 2016 Ib.-wt. per sq. ft. ; 

Water can be raised inside tube till pressure is 2016 Ib.-wt. per sq. ft. 
„ . , , Pressure 2016 «« q a. 


(5) The Siphon. — ^This is an arrangement, shown m Fig. 106, for 
running liquid out of vessels. At A there is a pressure up the tube 
equal to the atmospheric pressure on the surface of the liquid. There 
is also a downward pressure equal to that of a column of liquid of height 
k^y so that the resultant pressure up 
the tube at A is atmospheric pressure 
— pressure of column of liquid of 
height Aj* Similarly the resultant 
pressure up the tube at B is atmos- 
pheric pressure — pressure of column 
of liquid of fieight ^ 2 - Since Ag is 
greater than Aj, the resultant upward 
pressure at A is greater than that at 
B, so that liquid is driven from A to 
B and runs out at B, more liquid 
being driven into the tube by the 
pressure of the atmosphere. 

According to the above theory, for 
the siphon to work, (o) must be less 
than the height of the barometric 
column of the liquid, or the downward 
pressure would be greater than the upward pressure at A, and the liquid 
would run back into the vessel ; and (6) B must be lower than the surface 
of the liquid in the vessel for the resultant upward pressure at B to be 
less than that at A. It has been shown that a mercury siphon will work 
when hi exceeds the height of the mercury barometer. Apparently this 
is due to there being considerable cohesive forces in mercury so that the 
mercury thread does not easily break but acts more like a very flexible 
rod and the extra weight on side B pulls it through the tube. However, 
siphons will work when the A limb is much wider than the B limb and so 
.contains a much greater weight of liquid. Hence the pressure theory 
gives tho most general explanation of siphon action. 
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Soda-water siphons do 
not work by atmospheric 
pressure. They contain 
compressed gas which forces ^ 
the liquid out when the 
exit pipe is opened by the 
action of the lever. 

Lavatory flushing tanks 
have a siphon action. The 
bell, A (Fig. 107), is raised 
by a lever, not shown in the 
flgure, when the chain is 
pulled. This allows the water to rise to the top of the flushing pipe and 
flow down it. The rush of water keeps the bell from falling right back 
^til the tank is empty. The lever attached to the floating ball closes a 
valve at the end of the supply pipe when the tank is filled to the proper 
level again. 

Pressure of Oas and Water Supplies 

These pressures may be measured by using JJjtubes^ which are 

caseoftih^assuppiyT^Sle^^lace^^SeU-tube which is connected 
to thjB gas tap with rubber tubing. When the gas is turned on the water 
will M forced away from the tap, 
and the difference between the two 
water-levels measures the excess 
of the gas pressure above that of 
the atmosphere. Thus, if the 
height BA (Fig. 108) exceeds 
the height BC by 6*5 cm., and the 
barometer is standing at 75 cm.. 

Pressure of gas supply = 6*5 cm. 
qf water -b 75 cm. of mercury 
,s=6-5-f (75 X 13-6) 

S3= 6*5 + 1020 grm. jier sq. cm. 

^ 1026*5 grm. per sq. (;m. 

Jlf^T supply pressures are 
greater than those of 
i^^^ppliesi and a mercury 



Fia. 108. 
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manometer with the open limb about 2 yd. long should be used (Pig. 109). 
In this case the difference in mercury levels can be directly added to 
the barometric height. The pressure of the water column between the 
^mercury and the tap should be deducted from that sum. 

Compressibility of Gases 

For coniTnercial })urposes gases such as oxygen and hydrogen may be 
obtained stirred under great pres- 
sure in steel cylinders. When the 
contents of a cylinder are released 
at atmospheric pressure, they 
occupy a volume much greater 
than that of the cylinder. 

The alteration in the volume of 
a mass of gas produced by change 
of pressure may readily be demon- 
strated with a good bicycle pump. 

If thejiozzle is ‘closed the piston 
may be pushed in some distance 
without any air escaping. When 
the handle is released it springs 
back until the enclosed air has its 
original volume again. 

It will be shown in Chapter 
XVII. that the volume of a mass 
of gas may also be altered by 
changing its temperature. Thus 
the statement that a certain mass 
of gas has a volume of so many 
cubic feet has little meaning unless Fro. 109. 

the pressure and temperature of 

the gas at the time it was measured are mentioned. Also, if we wish to 
investigate the effect of pressure on a mass of gas, we must take care 
that all measurements are made at the same temperature. 

Boyle’s Law 

The effect c>f pressure on a mass of gas was investigated by Robert 
JBoyle (1626-1691). His results may be summarised in the statement^ 
The volume of a fixed mass of gas at coastaat temperature is inversely 
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ias 

propoitional to its pressure. I This may be verified by a modification of 
Boyle’s method. The apparatus (Fig. 110) consists of two glass tubes 
connected by a yard or two of stout rubber tubing. A is open and B 
dosed at the top. They are supported vertically by the side of a vertical 
scale, and A can be moved upwards or downwards. Mercury is poured 
in until it shows in both tubes, trapping a mass of air in B, which may 
be graduated to enable the volume of the enclosed air to be read. If not 
graduated B should be of uniform bore, so 
that a measurement of the height from the 
mercury surface to the top of B mt.y be 
taken as measuring the volume of the air 
enclosed. 

A barometer reading is taken, the volume 
of the enclosed air noted, and the difference 
between the heights of the two mercury 
columns is measured. The tube A is then 
moved to a fresh position and the new readings 
are taken. This is repeated Tor a number of 
different positions of A. For a setting, such as 
that shown in the figure, where D is higher than 
the mercury surface in B, the pressure on the 
air in B would be that of the atmosphere 
plus the difference between the two mercury 
columns. If D were lower than the mercury 
surface in B, the excess mercury column would 
be balancing part of the atmospheric pressure, 
so that the pressure on the air in B would be 
atmospheric pressure minus the difference be- 
Fig. no. tween the mercury levels. If in the latter case 

the difference in levels is given a negative sign 
we may say that in all cases the pressure on the air is the sum of 
atmospheric prtjssure and the difference in levels. Results should be 
tabulated as on page 129. 

The product in the last column is approximately constant. This 
indicates that, if the pressure is doubled, the volume -is halved; if the 
pressure is increased to three times its former value, the volume is 
reduced to one-third of its previous magnitude, and so on. This is 
what is meant by saying that the volume is inversely proportional to 
^|kr^^ure. 
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Height of Barometer — - 75*5 cm. 
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Sounding Tubes 

The sounding tube makes application of Boyle’s Law in determining 
depths of water. It consists of a glass tube of uniform bore closed at 
its upper end and fixed in a heavy metal case also open at the bottom. 
The inner surface of the tube is coated with a substance which changes 
in appearance when in contact with water. It is lowered vertically 
into the water. The pressure on the enclosed air increases so that it 
is compressed into a smaller volume and the water rises some distance 
up the tube. The height to which the water entered is indicated by 
the sensitive coating when the tube is raised again. 

Example. — A sounding tube 12 in. long was lowered into sea wcder 
of specific gravity 1*15. The water rose 4*5 in. in the tube. The baro- 
meter stood at 30 in. What was the depth to which it was loivered? 

Taking each inch of the tube as a unit of volume, 

Vol. of air at atmos. pressure (30 in. mercury) =12 units. 

Vol. when compressed = (12 -- 4*5) = 7*5 units; 

30 X 12 

New pressure = — — = 48 in. of mercury; ' 

Increase of pressure = 18 in. of mercury. 

18 X 13*6 

18 in. of mercury would balance ~ water; 

/. Depth of water = 213 in. = 17 ft. 9 in. 


Air Pumps 

These are for pumping air out of vessels, and work in a way very 
similar to lift pumps. Fig. Ill illustrates the essential principles. 
When the piston makes an upstroke, the valve A is closed by pressure 
of air above it, so that air is swept out of the barrel and the pressure 
below the piston is reduced. This causes air from X to expand into 
the barrel through B. The downstroke of the piston compresses the 
air below it, closing B and opening A. These actions are repeated 
with each stroke, so that more air is removed from X with each upward 
stroke of the piston. 

Suppose X contains 500 c.cm. of air at 76 cm. pressure. Let the 
volume of the barrel be 2(X1 c.cm. When the piston is pulled up the 
enclosed air earoands to fill 700 c.cm.; 

.*. New pressure = 76 x 
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The second stroke causes 500 c.cm. of the expanded air to become 
700 c.cm., so that the pressure becomes of its former value; 

i.e, 76 X X ^ = 76 X = 38-8 cm. 

^ Similarly, after the third stroke the pressure becomes 

76x(4n)® = 27*7c.m., 

and so on. 

It will be seen that the pressure in X decreases very rapidly but 
will never become zero, so that per- 
fect evacuation is not possible by 
this means. 

The Atmosphere. Troposphere and 
Stratosphere 

The atmosphere is an envelope of 
gas surrounding the earth. By vol- 
ume about one-fifth of it consists of 
oxygen^ and fout-fifths of nitrogen. 

There are also present smaller quanti- 
^ties of water vapour and carbon 
<|ioxide and a very small proportion 
of rare gases such as argon and 
helium. 

It has been shown earlier in the 
chapter that the atmosphere exerts a 
pressure of about 15 lb. per sq. in. on 
the surface of the earth. This is of 
course due to the weight of the air above it, so with increasing 
altitude the pressure of the air decreases. This decrease in pressure 
means that at high altitudes the air is much less dense and much more 
rarefiied than at the surface of the earth. An upward limit to the 
height of the atmosphere cannot be stated, but it can be shown that 
at a height of about fifty miles the air is so rarefied that it does not 
exert any measurable pressure and that about half of the atmosphere 
is contained in a layer about 3J miles high. The height at which 
meteors begin to glow indicates the presence of traces of air up to 
^heights of about 150 nules. 

Two distinct regions of the atmosphere are recognised, a lower 
re^on known as the troposphere and a higher region known as the 
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stratosphere. They are sharply divided by a layer known as the 
tropopause which is about 11 miles high over the tropics and 3 to 4 miles 
high at the poles. In the troposphere temperature falls with increasing 
height at the rate of about 0*56® C. per 100 metres, so that above a 
height of 2 kilometres the average temperature is below 0° C. and at 
a height of about 6 miles it is below — 50° C. In the stratosphere, 
however, there is very little variation of temperature with altitude but 
there are temperature variations horizontally, the temperature of the 
stratosphere being greatest above the poles and least above the equator. 
In the stratosphere winds may have considerable velocity but they are 
steadier than those in the troposphere and turbulent convection currents 
are absent. Almost all the water vapour and dust in the atmosphere 
are in the troposphere so clouds do not form in the stratosphere from 
which the sky appears to be black, the blue colour of the sky as seen 
from the troposphere being due to the scattering of light by dust 
particles in the atmosphere. 


QUESTIONS ON CHAPTER XI 

1. Describe three simple experiments to illustrate that the atmo- 
sphere exerts a pressure. How can you show that the pressure is 
exerted in all directions? 

2. Describe the setting up of a simple barometer and also describe 
an experiment to show that the mercury column in the barometer is 
supported by the pressure of the atmosphere. 

3. How would the readings of a barometer be affected by (a) uneven- 
ness in the bore of the tube, (6) the tube being tilted, (c) a few air bubbles 
having been left in the tube when the barometer was constructed? 
Give reasons for your answers. 

4. When the barometric height is 75 cm., what is the value of the 
pressure of the atmosphere in dynes per sq. cm. ? 

What would be the corresponding height of a glycerine barometer? 
The density of glycerine is 1-3 grm. per c.cm. 

5. Fig. 112 shows Hare’s apparatus for finding the specific gravities 
of liquids. With one limb dipping into water and the other into th^ 
Uquid whose specific gravity is to be found, some of the air is sucked oiif^ 
of tube through the rubber tube at the top which is then closed by a 
oKp. This, results in colunms of liquid rising in the tubes as shown. 
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Justify the statement that the column of water of height and the 
column of the other liquid of height have equal pressures. 

If is 26*5 cm. and ^2 is what is the density of the liquid? 

6. Fig. 113 shows an automatic flushing tank. Describe and explain 
^ow it acts. 

7. Describe simple experiments to show that the volume of a mass 
of gas can be changed* by changing the pressure on it. 

8. State Boyle’s Law, and describe a method of verifjdng it. 

If a barometer were not available, how could you determine the 
barometric height by means of a Boyle’s Law apparatus? 



Fio. 1J2. Hare’s Fio. 113. When water beaches WL, Siphon 

Apparatus. is completed and the whole tank empties. 


9. Calculate the numbers to fill the spaces in the following table, 
assuming that there is no change of temperature in any case; — 


Old Pressure 

Old Volume 

New Pressure 

New Volume 

76 cm. of mercury 
15 lb. per sq. in. 

80 cm. of mercury 
18 lb. per sq. in. 

75 cm. of mercury 

250 c.cm. 

12 cub. ft. 
325 c.cm. 

X c.cm. 

700 c.cm. 

80 cm. of mercury 
lb. per sq. in. 
cm. of mercury 
lb. per sq. in. 

76 cm. of mercury 

c.cm. 

30 cub. ft. 
275 c.cm. 

2a; c.cm. 
o.cm. 
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10. Instructions are given that the tyres on a certain motor car 

should be inflated until the pressure inside them is 24 lb. per sq. in. 
If the capacity of the tyre is 700 cub. in., what volume of air at 
atmospheric pressure, 15 lb. per sq. in., must be pumped into it when 
it is empty? , . 

11. A mass of oxygen which will occupy a volume of 10 cub. ft. at 
atmospheric pressure, 15 lb. per sq. in., is stored under pressure in a 
cylinder with a capacity of 180 cub. in. What is the pressure inside 
the cylinder?* 

12. A quantity of gas, collected in a tube which ?s inverted over a 
bowl of mercury, measures 25 c.cm. The mercury stands 8 cm. higher 
in the tube than in the bowl, and the barometer stands at 76 cm. What 
will be the volume of the gas if the tube is pushed down into the bowl 
until the mercury inside it is at the same level as that in the bowl? 

13. Describe with the aid of a diagram the princjiple of the con- 
struction of an aneroid barometer. 

Explain why it can be used to measure altitude. [L.U. 

14. Describe and explain the action of a j)ressure gauge suitable for 

the measurement of the pressure of (a) the domestic gas supply, (6) the 
steam in a boiler. [L.U. > 

15. Describe the action of the suction pump and of the force pump. 

Indicate whether there is any limit to the height to which water can 
be raised by these pumps, giving reasons. [Ij.U. 

16. State Boyle’s Law. 

Describe any one experiment you have seen, which shows that the 
pressure of a liquid increases with depth. 

An empty gas- jar is inverted and pushed mouth downwards into 
water. Explain what would happen if the jar were immersed to a 
depth of 34 ft. below the surface. [L.U. 

17. Describe a method of measuring the pressure of the domestic 
gas supply, and give a diagram of the apparatus used. 

If the gas pressure is read as 4 in. of water, what is the pressure 
exerted hy the gas in lb. per sq. in., if the atmospheric pressure is 14.83 
Ib. per sq. in.? [1 cub. ft. of water weighs 62*5 lb.] [J.M.B. 

18. One arm of a U-tube, which is half-filled with a liquid A, is con- 
nected to a partially exhausted vessel so that there is a difference^ 
Ve^ipreen the levels of A in the two arms. On what does this difference 
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When a similar tube containing a liquid B is also connected to the 
vessel, the difference between the levels is 30 cm. for A and 36 cm. for 
B. What is the specific gravity of B if the liquid A is water? 

How would you confirm the result of your calculation? [J.M.B. 

^ 19. Describe a mercury barometer, illustrating your answer with a 

clear diagram. Give briefly the principles on which its action depends. 

Show that there is a difference of a little more than 2 cm. in the 
barometric height at sea-level and at an altitude of 250 m. What 
would be the difference in the levels of water barometers*under similar 
conditions? [Take weight of 1 litre of air = 1*2 grm., and weight of 
1 c.cm. of mercury = 13-6 grm.] [J.M.B. 

20. Briefly describe and explain the action of (a) a simple mercury 
barometer, (b) an aneroid barometer. Give a diagram of each. 

If the height of a barometer ‘is 75*0 cm. of mercury, what is the 
pressure of the air in grm.-wt. per sq. cm. ? Take the density of mercury 
as 13'6 grm. per c.cm. What would be the corresponding height of a 
water barometer? [J.M.B. 

21. iState Boyle’s Law and describe in detail how you would verify 
it for air. 

K A diving bell of volume 9 cub. m. is lowered into water until the 
water level inside is 17 ft. below the external level. If no extra air has 
been pumped into the bell, what is the approximate volume of the air 
inside? [Approximate height of “water barometer” = 34 ft.] [J.M.B. 

22. In an experiment to verify Boyle’s Law two sets of results were; 

Volume of air when compressed (in c.cm.) 17*6 12-1 

Mercury pressure in excess of the atmo- 
spheric pressure, compressing the air 
(in cm.) ... 10-0 50*0 

Calculate the atmospheric pressure at the time of the experiment. 

[J.M.B. 

23. Make a sketch of the lower part of a Fortin barometer and 
write brief notes in explanation of it. 

Will a Fortin barometer give correct readings if the tube is not 
upright? Give reasons for your answer. 

24. Explain, illustrating with a drawing, the action of a rimple 
siphon used for drawing liquid off from a vessel. Discuss the conditions 
necessary for its working. 
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25. Describe, giving a sketch, the construction and working of a 
simple form of pump for withdrawing air from closed vessels. 

If the barrel of such a pump has a volume ^ that of the vessel being 
evacuated, what will be the pressure inside the vessel after the fourth 
stroke of the pump, the original pressure being 1 atmosphere? ^ , 

26. Air is pumped into a flask of volume 2 litres by means of a 
bicycle pump. If the cross-section of the pump is 5 sq. cm. and the 
length of stroke of the piston 20 cm., what is the pressure inside the 
flask after 40 strokes of the pump? The original pressure in the flask 
was equal to that of the atmosphere and the barometer stood at 75 cm. 

27. If 6000 litres of gas at atmospheric pressure are pumped into 
a cylinder having a capacity of 50 litres, what will be the -pressure 
inside the cylinder? 

What will be the pressure inside the cylinder when 10 litres of the 
compressed gas has been withdrawn and what will be the mass of the 
remaining gas if its density at atmospheric pressure is 0*09 gm. per litre? 

28. A simple barometer is set up with the tube standing vertically 
with its mouth in a deep jar of mercury. The mercury column is 
74 cm. high, but when the tube is pushed down into the jar until the 
space above the mercury in the tube is half its original volume, the 
column is only 72 cm. high. What is the reason for this and what is 
the true barometric height? 

29. A thread of mercury 5 cm. long encloses a quantity of air in a 
narrow tube closed at one end. When the tube is placed horizontally, 
the enclosed air fills 40 cm. of the tube; but when the tube is vertical 
and open end upwards the enclosed air only fills 37*5 cm. What is 
the height of the barometer and what length of the tube will the 
enclosed air fill if the tube is placed vertically with the open end 
downwards? 

30. A sounding tube of length 24 in. is lowered into sea water of 
specific gravity 1*03 and the water rises 8 in. within it. To what 
pressure was the air in the tube raised and to what depth did the mouth 
of the tube sink? 

(Barometric height = 76 cm. ; specific gravity of mercury = 13*6.) 

31. At high tide the sea rises to a height of 20 ft. above the mouth of 

a cave in which it traps a quantity of air. What would be the baro- 
meter reading in the trapped air when the reading in the open was 
30 in.? If the volume of the trapped air is 5000 cu. ft., what does it 
become when the tide falls and releases it? ^ 

(Specific gravity of sea water = 1-03; specific gravity of mercury 

^aS-6.} * 



CHAPTER XTI 

ARCHIMEDES* LAW. FLOTATION 

Apparent Loss of Weight in Liquid 

If you try to lift a large block of stone out of water you will notice 
chat, although it may be easily lifted while it is in the water, it seems 
to become much heavier as it comes out into the air. 

The apparent change of weight may be followed if a large piece of 
stone is hung from a spring balance and slowly lowered into water. 

As it enters the water, the reading of the balance will decrease, and 
this decrease will continue as more and more of the stone is submerged. 
Once the stone is completely covered by the water the balance reading 
will remain constant as the stone is lowered more deeply. On raising 
the stone again reverse changes of the balance readings take place 
until the stone is completely out of the water, when the original reading 
will be given once more. 

atutps that the apparent loss of weight of a body . 
when immersed in liquid is equal to the weight of the liquid displaced : 
by the body. This may be verified by lowering the piece of stone as 
above into water in the displacement vessel described on page 15. ^ 

Note the reading of the spring balance when the stone ia in the air v 

and again when the stone is completely submerged, and measure the ' 

volume of water displaced by it. Results such as the following will 


be obtained : — \ 

Wt. of stone in air = 498 grm (1) j 

Apparent wt, of stone in water = 299 grm (2) 

Volume of water displaced = 198 c.cm (8) j 

Prom (1) and (2) — 5 

Apparent loss of wt. of stone = 199 grm. ^ 

< 4 

From (3): — Wt. of water displaced = 198 grm. ^ 

This gives approximate verification in the case of immersion in water. \ 
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If other liquids of known densities are used in 
the displacement vessel, the weight of liquid dis- 
placed may be calculated from the product of its 
volume and density, or the displaced liquid may 
be caught and weighed in a previously weighed " 
beaker. Again approximate agreement with the 
law will be found. 


= I ^ The following reasoning shows that this result 

~ might be expected. Owing to the difference in 

Pig 114 depth, the upward pressure on the lower surface 

of the body B (Fig. 114) will be greater than the 
downward pressure on its upper surface. Thus there will be a resultant 
upthrust on the body balancing part of the downward pull of its 
weight and so reducing the pull of the string on the balance. Now 
imagine the body to be removed and the space occupied by it to be 
filled with the liquid. There will still be the same upward and down- 
ward pressures on this space, and hence the same resultant upthrust 
on it as before. *But the liquid in the space will not be in lUotion, 
so the upthrust on it must be balanced by its weight. Therefore the 
upthrust experienced by the body B must be equal to the weight of 
liquid which would fill the same 


Pig. 114. 


space. 

Relative Densities by Archimedes’ 
Law 

(1). Solids which Sink, — Weigh 
a piece of the solid in air and 
then weigh it again completely 
submerged in water. For bodies 
with volumes of 100 c.cm. and 
upwards spring balance weighing 
will be sufficiently accurate. 
Smaller bodies may be weighed 
mispended from the hook above the 
of a physical balance. A 
Iwidgd may be placed over the pan 
A beaker of water stood on it 



Pio. 115. 
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for wdigliing the body in water, as in Fig. 115. The results are dealt 
with as follows: — 


Wt. of piece of iron in air = 99*2 grm. 

Apparent wt. in water — 85-8 grm. ; 

/. Apparent loss of wt. in water = 13*4 grm.; 

Wt. of water displaced = 13*4 grm. 

But the water displaced has the same volume as the piece of iron ; 


/. Relative density of iron = 


Wt. of piece of iron 
Wt. of equal vof. of water 


Wt. of iron 


Wt. of water displaced 
= = 7 - 4 . 


(2) Liquids. — Weigh a piece of solid in air and water as above, 
and then in the liquid whose relative density is to be found. 

Example of results — 

Wt. of solid in air = 99*2 grm. 

Apparent wt. in water = 85*8 grm. 

Apparent wt. in turpentine = 87*4 grm.; 

Apparent loss of wt. in water = 13-4 grm., 
and Apparent loss of wt. in turpentine = 11*8 grm., 
or Wt. of water displaced = 13-4 grm., 

and Wt. of turpentine displaced =11*8 grm. 

But the volumes of water and turpentine displaced are equal; 


Relative density of turpentine = 


Wt, of turpentine displaced 
Wt. of wator displaced 


13-4 


notation 

The experiment on page 137 shows that a certain upthrust is exeitec 
on a body as soon as any part of it has been immersed, and that thli 
increases as more of the body enters the liquid. If, before the whidi 
of the body is submerged, the upthrust is equal to its weight, rt will h 
completely supported, and its own weight will not sink it any further 
* i,e. it will float. 
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At all stages of the immersion the upthrust will be equal to the 
weight of liquid which has been displaced. Thus the condition for a 
body to float in a given liquid is that it can displace its own weight 
of liquid before it is completely submerged. It follows from this that 
the weight of liquid displaced by a floating body is equal to the weight 
"oTthe body.J 

The last statement may be verified by using the displacement 
vessel again. Load a fairly large tin, such as a cocoa tin, with lead 
shot or sand so that it will float upright. Weigh the tin and its contents 
apd gently lower it into the water in the displacement vessel until it 
floats. Measure the displaced water and calculate its weight. Compare 
this with the weight of the floating body. Repeat a number of times, 
varying the weight of the body. 

From the law of flotation given above it will follow that, for a solid 

be less dense than the liquid, for the 
weight of liquid dis}>laced equals 
the weight of the solid, but its 
volume is less than the volume 
of the solid. If such a body is 
thrust right under the liquid it 
will shoot upwards when released 
for the weight of liquid displaced, 
and therefore the upthrust on the 
body will be greater than the 
weight of the body. When it breaks the surface, the amount of liquid 
displaced becomes less, so the upthrust decreases. When sufficient 
of the body has risen above the water surface for the weight of 
water displaced to be just equal to that of the body, the latter will 
be in equilibrium. 


to float in a given liquid, it must 



FW 


-IS 

.s 
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Ships 

Although iron and steel in solid lumps will not float in water, an 
ship will float. This is because the large space inside it enables it 
"tel displace a volume of water much greater than the actual volume of 
^LrOp used in its construction, and so to displace its own weight of water 
befinre it is completely submerged. The “ Queen Mary ” is said to 
have a displacement of 73,000 tons. This means that, when loaded 
has sunk as far in the water as it is considered safe for her 
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to do, she displaces 73,000 tons of water, and so the total weight of the 
ship and her permissible load is 73,000 tons. 

^The PlimsoU Line 

You may have noticed a mark like that shown in Fig. 116 on the 
side of a ship in harbour. It is known as the PHmsoll line. Years 
ago ships were frequently overloaded so that they were in great danger 
of being swamped if they met with rough weather. * Owing to the 
agitation of Captain Samuel PlimsoU, a law was passed requiring each 
ship to bear a mark showing the depth to which 
it might be loaded. The line marked LR across 
the circle gives this de 2 )th for sea-water of normal 
density. 

Ships are often loaded while floating in fresh 
water in river ports. Sea water is more dense than 
fresh water, hence when the ship passes from the 
latter to the former, it will not need to displace 
so largo a volume of water in order to displace its 
own weight, and so will float less deeply. Hence 
in fresh water it may be loaded to the FW mark, 
and it wiU rise till only submerged to the LR line 
when it passes into the sea. This is the loading 
generally allowed in summer, but the ship may 
be loaded down to IS in Indian seas in summer 
and only to W for most seas in the winter. 

WNA refers to winter in the North Atlantic. 

Fio. 117. 

Bdative Densities by Flotation 

Relative densities of liquids may readily be determined by the 
use of a uniform wooden rod, loaded at one end with lead so that 
it will float upright, and marked off in equal lengths as indicated 
in Fig. 117. These lines mark off equal units of volume along the 
rod. The rod is floated, first in water and then in the liquid whose 
relative density is required, the mark to which it sinks being noted 
in each case. 

Suppose it sinks to the sixth mark in water and to the fourth mark 
in the liquid. Then it displaces 6 volumes of water or 4 volumes of 
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the liquid when it floats. But, when floating, it always displaces its 
own weight of liquid; 

4 vols. of liquid weigh as much as 6 vols. of water; 

/. 1 vol. of liquid weighs as much as f vols of water, 
i.e. f times as much as 1 vol. of water; 

/, Relative density of liquid = f = 1-25. 

Hydrometers 

Instruments, such as the rod mentioned above, which are designed 
for measuring specific gravities by flotation are called hydrometers. 

The usual commercial form of hydrometer is a sealed glass 
000 yeggei Qf the form' shown in Fig. 118. The small bulb at the 
H 100 bottom is loaded with mercury or lead shot to ensure its 
r floating upright. The narrow stem carries a scale from 

r ' which the specific gravity of a liquid in which it is floating 

L \ 300 may be read directly. The narrowness of the stem allows 
^ these graduations to be widely spaced since a considerable 

length of the stem must be immersed to make much.differ- 
h-600 volume of liquid displaced. 

^ To avoid inconveniently long instruments, hydrometers 

fi600 are usually made in pairs. The one illustrated has been 
[ j loaded so that it sinks nearly to the top of the stem in 

\ water. Thus it would float at a mark on the scale in a liquid 

hsoo denser than water but would sink beyond the scale in 
r liquids less dense than water. The companion instrument, 

L for liquids of the latter type, would be less heavily loaded, so 

A 000 that in water it only sinks to a point just above the bulb 

where the 1-000 graduation would be placed. In less dense 
liquids it would sink more deeply, so the graduations would 
read upwards 0-900, 9‘800, etc. Such hydrometers are fre- 
quently used for testing the specific gravity of acids, petrol, 
oils, etc. 

V For testing milk, which should have a specific gravity 
between 1-029 and 1-033, a special small hydrometer, called 
Fig. J18. ^ lactometer^ is used. The graduations are marked as 

degrees ” from 15° to 45° and indicate specific gravities 
ranging ftom 1*015 to 1-045. 

•Commercial hydrometers do not give results as accurate as the 
experiment&I determinations but they are convenient in practice. 
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Submarines, Balloons, and Airships 

A submarine, like any other ship, displaces its own weight of water 
when floating on the surface. To make it dive, its weight must be 
Increased to more than the weight of the water it will displace when 
totally covered. This is accomplished by allowing water to run into 
tanks inside it." When it is to rise, the water is pumped out of the 
tanks, and when the total weight is less than that of the water dis- 
placed, the upthrust on it will be sufficient to bring it to the surface. 
The same principle has been used in raising sunken ships. Divers 
make parts of them watertight. Pipes are then connected to these 
compartments into which air is pumped, displacing the water they 
contain. 

Because gases, as well as liquids, exert pressure, Archimedes* Law 
will also apply to bodies in the air. Thus a body suspended in air 
has an apparent weight less than its true weight in vacuum by the 
weight of air it displaces, for it experiences an up-thrust equal to the 
weight of this air displaced. Hence, if a body weighs less than the air 
it displaces, it will float in air. Balloons and airships are filled with 
hydrogen, which has only about one-fourteenth the density of air, or 
with helium, which is about twice as dense as hydrogen, in order to 
secure this. Clearly, helium has less “ lifting power ** than hydrogen, 
but it has the advantage of not being inflammable, whilst hydrogen 
burns very readily. 

An interesting illustration of floating on gas can be carried out by 
filling a trough with carbon dioxide, a dense invisible gas. Soap 
bubbles are blown and allowed to fall into the trough. On reaching 
the carbon dioxide they bounce off from its invisible surface, since the 
air with which they are filled is less dense than the carbon dioxide, 
and so they cannot sink into that gas. 


QUESTIONS ON CHAPTER XII 

1. State Archimedes* Law, and describe an experiment to verify it. 

2. Describe how, using a spring balance and no measuring instru- 
ment, you could find (a) the volume, (6) the density of a brick. 

3. A piece of iron weighed 155 grm. in air and 133 grm. in water. 
What is its volume and the specific gravity of the iron \ Vfhs^t would 
the same piece of iron appear to weigh in alcohol of density 0-8 grm. 
per c.cm. ? 
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4. Briefly explain why a dense body appears to weigh less in liquid 
than in air, and why the apparent loss of weight is equal to the weight 
of liquid displaced. 

A thread which will break when the pull on it exceeds 20 Ib.-wt., 
is attached to a piece of iron weighing 21 lb. which is under water., ^ 
What fraction of the volume of the piece of iron must remain under 
water in order that the thread may just be able to support it ? [Specific 
gravity of iron = 7-2.] 

5. State the Law of Flotation and explain how it follows from 
Archimedes’ Law. Also describe an experiment to verify it. 

6. Explain (a) why a lump of iron sinks in water, but a ship made 
of iron plates will float; (6) why an egg will sink in pure water but will 
float in a strong solution of salt; (c) why toy balloons, if filled with 
hydrogen, will rise to the ceiling, but if filled with carbon dioxide will 
sink to the floor; (d) why in the Plimsoll mark there are different 
lines for loading in sea water and in fresh water. 

7. Describe, giving a diagram, a common hydrometer for measuring 
specific gravities of liquids less dense than water, and explain the 
principles on which it is based. 

8. A uniform rod of wood, 2 cm. square and 20 cm. long, has 

1 c.cm. of lead of density 11*4 grm. per c.cm. attached to one end. > 
When floated in water, 7’4 cm. of the rod remain above the surface. 
What is the density of the wood ? 

If, when floated in another liquid, 11*5 cm. of the rod remain above 
the surface, what is the density of that liquid ? 

9. A piece of wood of specific gravity 0-5 has a volume of 200 c.cm. 
What weight of copper of specific gravity 9 must be attached to it so 
that it will just be pulled below the surface of the water ? 

10. A piece of zinc, when weighed on a sensitive balance, appears 
to weigh less than its true weight if brass weights are used, but more 
than its true weight if aluminium weights are used. Why is this? 
[Specific gravities: zinc = 7*2, brass = 8*5, aluminium = 2*6.] 

11. The balloon and attachments of an airship weigh 2500 kilog. 
The balloon will hold 11,000 cub. m. of gas. What load can it carry 
when filled with hydrogen ? Density of hydrogen, 0*09 grm. per litre. 

Air is 14*3 times as dense as hydrogen. 

12. A rectangular log 4 ft. long, 2 ft. wide, and 18 in. high weighs ^ 

9^ lb. Show that it will float in sea water of density 64 lb. per cub. ft., 
and find the least weight which must be placed on the top of the log 
ifi to eink it in the sea water. [L.U. 
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13. State the Principle of Archimedes and show how it is applied 

to a floating body. Illustrate this by reference to (a) a submarine, 
(6) an airship. [L.U. 

14. Define the specific gravity of a substance. 

I A cube of wood whose edge is 4 cm. weighs 48 grm. What is its 
specific gravity ? When this cube is floated on glycerine it is found 
that the upper horizontal face is 1*6 cm. above the surface. Show 
that the specific gravity of the glycerine is 1*25. ^ [L.U. 

15. Define density and specific gravity. 

Sketch and describe a common hydrometer graduated to read 
specific gravities from 0*8 to 1*0. 

Why is the stem of the hydrometer of small diameter ? [L.U. 

16. A submarine, sailing in fresh water with the top of its tower 
on a level with the surface of the water, passes into the open sea. 
Describe, giving reasons for your answer, what will happen to the 
submarine. 

If the volume of the whole submarine is 7000 cub. ft., find what 
change must be made in the weight of the water in the water compart- 
ments in order that it may leave the tower just on a level with the 
open sea surface. [Weight of 1 cub. ft. of fresh water = 62*5 lb. 
Specific gravity of sea water = 1*024.] [J.M.B. 

17. Explain how the principle of Archimedes may be applied in 
finding the specific gravity of a liquid. 

A piece of steel of specific gravity 7*80 weighs 0*50 lb. in air. What 
is the pull in the suspending cord when it is immersed in methylated 
spirit of specific gravity 0*83 ? [J.M.B. 
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The Skill Effect in Liquids 

You have probably noticed that drops of rain on a. window pane 
have curved, almost spherical, free surfaces. If drops of mercury on 
a clean sheet of glass are observed, very small ones are seen to be 
spherical, while larger ones tend to have the more flattened shapes 
shown in Fig. 119. It is instructive to form a large drop of mercury 
by allowing it to run out slowly from a tube drawn to a fine point on 
to a sheet of glass. The various stages shown in Fig. 119 will be seen 

as the drop grows. 

If a water tap fitted 
with a fine jet is turned 
on slowly so that a drop 
of water forms slowly on 
the jet, the stages shown 
in Fig. 120 wiU be observed. 
^ In the formation of both 
^the water drops and the 
"mercury drops, the stages 



Fig. 120. 


remind one of the effects 
which would be observed 


if the liquid were being run into an elastic skin. 

The fact that water behaves as though it had an elastic skin may 
also be shown by filling a tumbler to the brim and then carefully 
dropping small nails into it one at a time. It will be found that a 
considerable number can be dropped in without the water overflowing, 
its surface becoming heaped up above the brim of the tumbler, as 
shown in Fig. 121. The same fact may also be shown by floating a 
2ieedle on the surface of some water. This may be accomplished by 
teBij^ng the needle on a piece of blotting paper floating on the water, 
paper becomes soaked it will sink and leave the needle resting 
water surface. That it is not gating in the ordinarjr sense^ 
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but is supported by the surface, is seen if 
one end is pushed just below the surface, 
for then the needle quickly sinks. 


^^urface Tension 

The preceding paragraph has shown 
that the free surface of a liquid behaves 
as if it were enclosed in an elastic skin. 


If we think of a stretched piece of rubber 
from a toy balloon, we shall realise that 


there are forces acting along its surfa(^e. 
Thus, if there is a weak place in it a hole 
will probably be formed, and the hole 


tends to become circular since its edges 
are pulled outwards in all directions. Simi- 



Fio. 121. 


•lar forces act along the surface of a liquid, as may be shown by placing a 
thin layer of water in a flat-bottomed vessel and carefully running a 
little coloured methylated spirit from a fine tube into the middle of it. 


The spifit is seen to form a circular patch as shown in Fig. 122. There 
are also forces along the surface of the spirit, but these are weaker 
^ than those of the water surface, so that the spirit is pulled out like the 
* hole in the india-rubber. 


The existence of these forces is also shown by those small toy boats 
which will move about on a saucer of water when small pieces of camphor 
are fixed to the back of them. The camphor gradually dissolves, and 
the forces along the surface of the camphor solution are smaller than 
those of the water surface. Thus the front of the boat experiences a 
stronger pull than the back, and so it moves forward. 



The forces acting along the 
surface of a liquid set up a 
state of strain in the surface 
layer which is referred to 
as surface tension. They arise 
from the attraction which the 
small particles — ^molecules — of 
the liquid have for one another. 
The particles in the surface 
layer experience an inward pull 
from the attraction *of the 
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particles below them which tends to make the surface shrink and so 
results in a state of strain in the surface layer. 

Scajp bubbles and films may be used to demonstrate the existence 
of surface tension. If a bubble is blown and left on the pipe when you 
cease blowing, it will be seen to contract, while a flame at which th# 
stem is pointed will be blown aside. 

If a* wire ring is dipped into soap solution a film of the solution 
may be forn^ed across it. When a fine thread is dropped across the 

film and the film is broken on one 
side of it, the thread is pulled into 
the form of an arc of a circle by the 
tension of the other part of the film 
(Fig. 123). If a loop is made in the 
thread and the film broken inside it, 
the loop will be pulled into a cii-cle 
(Fig. 124). 

All these experiments show that 
there are forces acting along the 
surfaces of the films. 

The coefiBicient of surface tension 
of a liquid is defined as the force per ' 
centimetre acting across any line in 
the surface. 

The surface tension of a soap 
film may be measured by means 
of a wire frame, as shown in Fig. 
125. AB is made so that it will 
slide easily on the sides of the 
frame. By dipping in soap solution 
a film is formed over ACDB. The 
frame is hung vertically, and half- 
broken match-sticks are hung from AB, as shown, until sufficient 
weight has been added just to break the film. AB and the match- 
sticks hung on it are then weighed and the length of AB is 
measured. 

Suppose AB measures 3 cm., and the weight required to break the 

film is 42 grm. 4^ 

• ^ 42 

. Then the film exerts a force of - grm.-wt. on each centimetre of AB. 
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But there are two surfaces to the film, so each surface exerts a force 


of 


•42 

3x2 


grm.-wt. on each centimetre of AB; 


/. The surface tension of the soap solution == *07 grm.-wt. per cm. 

The Wetting op Surfaces. — When water is dropped on to a sheet 
of glass which has been well cleaned with methylated spirit to remove 
all grease, it spreads considerably and much of the Whter remains 
sticking to the glass when the drops are run off. If a little grease is 
rubbed on the glass the drops tend to do less spreading and to be 
almost spherical and may be almost com- 
pletely run off. 

The explanation of this is that there is 
attraction between the particles of water 
and those of the glass. Thus, while the 
surface tension of the water tends to make 
the surface contract and so heap up the 
water, the attraction of the glass particles 
pulls the water particles downwards and 
^Ttends to spread them. Between the water 
particles and the grease particles there is 
very little attraction, so that the surface 
tension of the water is opposed by the 
weight of the water only, and tends to heap 
the water into drops. Soapy water will be 
found to spread much more than pure water 
since the presence of the soap tends to lower 
the surface tension of the water. Mercury does not wet glass at all, since 
there is practically no attraction between glass and mercury particles. 

One of the reasons for using soap in washing is that it lowers the 
surface tension of water. It enables the water to make much closer 
contact with greasy surfaces so that it can remove the grease and 
clean those surfaces. For the same reason soap is much used in 
gardeners’ solutions for spraying the leaves of plants. To have the 
required effects, the solutions should spread thinly over the whole 
surface of the leaves. The addition of soap loweirs the surface tension 
%i the solution and so gives it increased “ wetting power.*’ 

Materials for rain-proof coats and tents owe their “ water-proof ” 
properties to surface tension. The threads have been treated with 
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substances wbicn have little attraction for water particles, so that the 
threads themselves do not become wet and the surface tension skins ” 
on the rain drops prevent the water from running through the spaces 
between the threads. Thus a fabric is obtained which will shoot off 
the rain but through which air for ventilation can pass. ^ 



Fig. 127. 


If you touch the inside of the 
fabric of a tent during a rainstorm 
you will find drops of water coming 
through the spot you have touched. 
Your finger is wetted by water and 
so breaks the “ skins ” of the drops 
and allows them to wrap round on 
the inside of the threads. The water 
will then soak through between the 
threads which are already covered 
w’ith a water film. 

Capillaeity. — You have prob- 
ably observed that, when a tube is 
dipped into a liquid which wets it, 
the liquid rises some distance in it * 
and the surface of the liquid is 
curved, bending downwards towards 
the middle and forming a meniscus. 
The height to which the liquid rises 
is greater in narrow tubes than in 
wide ones — see Pig. 126 which illus- 
trates glassr tubes in water — and, 
since it is most easily observed in 
capillary tubes, the phenomenon is 
called capillarity. 

If the liquid does not wet the 
tube, as in the case of a glass tube 
in mercury, the liquid is depressed 
inside the tube and the meniscus 


- bends upwards to the middle, as in Fig. 127. 

Capillarity depends on surface tension. If the liquid wets the tube, 
A ^ha of liquid will form on its inner surface. This will tend to contraclT 
to its surface tension, and so the surface of the liquid will be 

, im till Ha. Thp film xtrill tlion ft-TAA-n of ill AiwfltAw wri tliA mnA* 
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surface, and by further contraction draw the liquid surface still higher. 
This will continue until the weight of liquid in the column balances t];^e 
force with which the surface tension pulls it upwards when the rise 
will cease. Evidently a longer column will be required in order to 
diave the necessary weight in a narrow tube than in a wide one and so, 
the narrower the tube, the higher the liquid rises. 

In the case of mercury and glass, the mercury particles attract one 
another more than the glass particles attract them, and so they are 
pulled away from the glass forming a convex surface. • The tendency 
of this surface to shrink will then depress the liquid. This will continue 
until a depth is reached where the pressure is such that the upward 
force it exerts on the surface is equal to the downward force due to the 
surface tension. 

The surface tensions of liquids may be compared by measuring the 
heights to which they rise in the same capillary tube. When the tube 
is to be used for a fresh liquid, some of it should be drawn up the tube 
and allowed to run out several times in order to wash out the film of 
the previous liquid. The densities of the liquids to be compared must 
be known. The weight of liquid supported by the surface tension in 
each case will be equal to height of column X area of cross-section of 
tube X density. 

Thus, in a certain capillary tube water rose to a height of 4-5 cm. 
A solution of specific gravity 1-1 rose in the same tube to a height of 
3-6 cm. 

Wt. of water supported = 4-5 x Area of cross-section X 1 grm. 

Wt. of liquid supported = 3-6 X Area of cross-section X 1*1 grm.; 

Wt. of liquid _ 3*5' X !•! (Since cross-section the same in both 

Wt. of water 4*5 cases) ; 

Force supporting liquid __ 3*6 X 1*1 
Force supporting water ~~ 4*5 

The supporting forces are exerted where the liquid surface meets 
the glass, i.e. around the inner circumference of the tube ; 

Surface tension of liquid X Inner circumference 3*6 x 1*1 

’ ’ Surface tension of water x Inner circumference 4*6 

Surface tension of liquid _ 3*6 X M _ 3-96 __ gg. "" 

* * Surface tension of water 4-5 4*5 ^ ( ^ f 



162 


GENERAL PHYSICS— MECHANICS 


t.€, the surface tension of the liquid is *88 times as great as the surface 
tension of water. 

The rise of oil in lamp wicks and the absorption of ink by blotting 

paper is due to capillarity which also 
partly accounts for the rise of sap 
in plants. It also plays a very 
important part in causing the move- 
ment of water in the soil. When 
the soil is firm innumerable small 
capillaries are formed between the 
soil particles in which the water 
from the lower soil layers rises to 
the surface. The object of keeping 
gardens well hoed in very dry 
weather is to break up these capil- 
laries and to give a coarser texture 
to the surface layer, so that the 
water around the roots of the 
plants will not be brought up to 
the surface where it would evaporate into the air. 

Viscosity 

It is well known that, while many liquids, such as water, flow very 
readily, others, such as treacle, flow much more slowly under similar 
conditions. Liquids of the type that flow readily are said to be mobile; 
those of the treacle type are said to be viscous. Viscosity is due to 
friction in the interior of the liquid. Just as there is friction opposing 
movement between two solid surfaces when one slides over the other, so 
there is friction between two liquid surfaces even when they consist of 
the same liquid, and this internal 
fitiction opposes the movement of 
o&e layer of liquid over another, 
aAd so, when it is great, makes 
,the flow of the liquid very slow. 
if Even mobile liquids possess a 
ocartain amount of viscosity. This 
ftiay be shown in the case of water by rotating a wire frame, such as 
^own in Fig. 128, in a large beak er of water. If it is rotated fairly 
ui a sho^ time the whole of the water will be swirling in the 



Fig. 129. 
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same direction as the stirrer. The layer in front of the wire is carried 
round with it and, owing to viscosity, this drags the next layer with it, 
and so on. until the motion has been transmitted to the whole of the 


The viscosity of a liquid rapidly decreases as its temperature rises. 
Treacle will run off a spoon much more rapidly when it is hot than 
when it is cold. Similarly, when tar (which is very viscous) is to be run 
into cracks in the roadway, it is first heated so that it wilj flow readily. 

Some liquids have such high viscosity that they 
; almost have the properties of solids. Thus, the pitch 
which is frequently used in road-making has a solid 
appearance, but if a lump of it is left in one position for 
a long time, it will be found to become flattened as 
indicated in Fig. 129, showing that it does flow very slowly 
and so should be regarded as a liquid with very high 
viscosity. 


Comparison of Viscosities 

The 'viscosities of two liquids may be approximately 
compared by comparing the rates at which they flow 
^from a tube with a capillary jet (Fig. 130). Two marks, 
A and B, are made on the tube which is fixed vertically 
and filled to a point above A with one liquid. The 
time taken for the liquid surface to fall from A to B is 
noted. This is repeated with the other liquid. The times 
refer to the driving of equal volumes of the liquids 
through the capillary, so it may be taken that time x 
driving force is proportional to the viscosity, t.e. 

Viscosity of 1st liquid _ 1st time x 1st driving force 
Viscosity of 2nd liquid 2nd time X 2nd driving force’ 



The driving forces are provided by the pressures of the liquid 
columns. These depend on the heights of the columns and the densities 
of the liquids. The height varies during each experiment, but for the 
times noted the average height of the column is the same in both cases. 
Hence the driving forces are proportional to the densities of the liquids, 
^nd 

Viscosity of 1st liquid 1st time X Density of 1st liquid 

Viscosity of 2|id liquid 2nd time x Density of 2nd liquid 
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The above method is not suitable for very viscous oils which would 
flow too slowly through the capillary. In such cases a simple method 
of comparison is afforded by the apparatus illustrated in Fig. 131. 
It consists of a hemispherical steel cup and a steel ball of slightly smaller 
diameter. Slight projections inside the cup prevent the two surface^ 
from coming into contact when the ball is in the cup. A drop oi 
of oil is placed in the cup and then the ball is pushed in and the il. . 
apparatus is hung vertically. The oil causes the ball to adhere to 

bup for a time and the time which elapses before the 
ball falls off is proportional to the viscosity of the oil. 

Viscosity opposes ^lovement, but the viscosity of a 
liquid is usually much less than the friction between two 
solid surfaces, so that an oil with considerable viscosity 
may be used as a lubricant. Where there is consider- 
able pressure in a bearing it is an advantage to have 
a viscous lubricant, as otherwise it would be too easily 
squeezed out of the bearing. Hence, oils for light 
machinery, such as sewing machines, usually have little 
viscosity, while those for heavy machinery have consider- 
able viscosity. Since viscosity is greatly reduced by rise 
of temperature, a more viscous oil is used in motor car^ 
engines in summer than in winter. 

DiflEusion 

If some strong copper sulphate solution, which has a 
deep blue colour, is poured into the bottom of a tall jar 
and water is then gently run into the jar from a fine jet, the 
water will float on the solution so that distinct colourless 
and blue layers will be seen (Fig. 132). If the level to 
Fia. tsi. which the blue solution reaches is marked and the jar is 
left undisturbed for some days it will be found that the 
blue colour can then be seen at a considerably higher level than before. 
Clearly, although the liquid as a whole has been at rest, the small 
particles of copper sulphate dissolved in it have been moving, and 
tibia has resulted in some of them moving into the water layer. If 
the jar is left long enough the copper sidphate will become evenly 
Iptead throughout the whole of the liquid. . Similarly the particles of^ 
of sugar or salt placed at the bottom of a glass of water 
graifoaBy qpzead out until they are evenly spread through the water. 
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A similar experiment may be carried out by floating a layer of methy- 
lated spirit on water. In time a uniform mixture of spirit and water 
will be formed, showing that the particles of liquids, as well as 
those of substances dissolved in them, are in motion. 

The same process may be observed in gases. If 
two or three drops of bromine are placed at the 
bottom of a gas jar, they will form a dense brown 
vapour which will form a distinct layer at the 
bottom of the jar. If the jaf is covered and left 
for a time the brown colour will be seen to rise 
until a uniform mixture of bromine and air results. 

From these illustrations it is evident that there 
are movements of the particles of gases, liquids, and 
dissolved substances even when the substances in 
bulk are at rest. The process of the mixing of 
substances arising from these movements is known 
as diffusion. 

Dialysis yiq . 132 . 

A sheet of parchment is tied tightly over the end 
of an open cylinder and soaked in water for some time (Fig. 133). 
Into the vessel thus formed a solution containing both salt and starch 
is poured, and it is hung half submerged in a trough of water. In a 
short time it will be possible to detect salt in the water in the trough, 
but no starch will be detected there. To show this, drops of liquid 
from the inner and outer vessels may be tested with iodine solution 
which turns starch blue. 



The water in the two vessels is continuous since the pores of the 

soaked parchment are full 
water; and the salt, 
diffusing in the water, passes 
from one vessel to the 
PARCHMENT other. The starch, how- 
— YfkJER pass through 

Fio. 133 . parchment membrane. 


Substances which behave 


like salt in this experiment are called crystalloids; those which behave 


like the starch are called colloids. Actually whether a substance in 
solution behaves like a crystalloid or a colloid depends veiy largely on 
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the way in which the solution has been made. The difference is due to 
a difference in the size of the particles in the solution. When dissolved 
in the ordinary way salt breaks up into much smaller particles than 
starch, so that the salt particles can diffuse through the pores in the 
parchment, but the starch particles are too large to do this. 

As salt accumulates in the trough some of it will diffuse back into 
the inner vessel. When the salt concentrations on the two sides of 
the parchment are equal, equal quantities will diffuse into and out of 
the inner vessel in a given time, so that the concen- 
tration does not undergo further change. If, however, 
the water in the trough is frequently changed, salt will 
continue to diffuse out into it and the starch solution 
may be almost entirely freed from salt. This process 
is frequently used in chemistry to separate substances 
when one is in the crystalloid state and the other in 
the colloidal state, and it is called dialysis. 

Diffusion of Gases 

Just as liquids and dissolved solids can diffuse 
through a parchment membrane, so gases can diffuse 
through a dry porous plate. If there is gas on both 
sides of the plate, diffusion will take place in both direc- 
tions. By placing different gases on the two sides, their 
rates of diffusion may be compared. 

Fig. 13i shows a tube corked into a porous pot 
and dipping into water in a beaker. A large beaker is 
inverted over the porous pot. If hydrogen, which is 
less dense than air, is allowed to float up into the 
inverted beaker, bubbles of air will be seen to rise 
Fig. 134. through the water from the end of the tube, showing that 
hydrogen has diffused into A faster than air has diffused 
out of it, and so set up sufficient pressure to drive air out of the tube. 

If the tube is bent so that A dips into a beaker placed mouth 
upwards, carbon dioxide, which is denser than air, may be poured into 
the beaker. Water will then be seen to rise in the tube. Air diffuses 
fircua A more rapidly than carbon dioxide diffuses into it, and so the 
pressure in A is reduced below that of the atmosphere. 

' 'Experiments such as the above lead to the general conclusion that 
it&e |6||S dense a gas is, the more rapidly it diffuses. Graham’s Law, 
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due to Thomas Graham who made measurements on the rate of 
diffusion, states that the rate at which a gas diffuses is inversely propor- 
tional to the square root of its density. Thus, oxygen is 16 times as 

\/l6 

dense as hydrogen, so hydrogen will diffuse — = 4 times as fast as 


Vi 


oxygen. 


Osmosis • 

When dried raisins or prunes are soaked in water, they swell until 
their skins, which were originally wrinkled, are quite tight. If they 
are then placed in a strong solution of salt they shrink and the skins 
become wrinkled again. The swollen condition can be restored by 
transferring them to fresh water once more. It is clear that there is a 
tendency for water to pass through the skins until it sets up a con- 
siderable pressure inside the fruit, but that it can be withdrawn by the 
presence of strong solutions outside the skins. The fruits contain a 
certain amount of sugar which will form a solution when water enters, 
so tliGi above observations suggest that the diffusion of water through 
the skin depends on there being solutions of different concentrations 
on the two sides of it. The passage of a liquid through a membran e 
owing to thi s cause is termed osmosis . For osmosis to be noticeable 
the membrane must be one wliich allows the solvent but not the solute 
to diffuse through it. Such a membrane is said to be semi-perTneable 
to the solution. 

Osmosis may be further studied by means of artificial semi-permeable 
membranes. Such a membrane can be made by filling a wide test-tube 
with a thick solution of collodion in ether. Allow it to stand until all 
air bubbles have risen to the surface. Pour out as much of the solution 
as possible, leaving a thin layer sticking to the sides of the tube. Blow 
dry air through the tube to evaporate the ether, and a skin of collodion 
will be left lining the tube. Fill up with distilled water and place the 
tube in a vessel of distilled water. The skin may then be removed 
from the tube. 

Fit into the skin a tight-fitting rubber bung carrying a short bent 
tube and a long straight narrow tube. Pour a strong sugar solution 
into the skin through the straight tube. The bent tube allows air to 
escape as the solution runs in, and is closed by means of a clip on a 
piece of rubber tubing when the skin is quite full. Support the 
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apparatus so prepared vertically with the skin dipping into a beaker 
of water, as in Fig. 135. 

Liquid will be found to rise in the tube and may continue to rise 
for some days until it forms a column of some 30 or 40 cm. in height, 
but eventually its height will become constant. It is clear that a 
considerable pressure, tending to drive water into the solution, exists 
and that the flow of water ceases when the pressure of the column in 

the tube is sufficient to counteract the 
pressure driving the water. 

If a number of experiments are made, 
using sugar solutions of different 
strengths, it will be found that the 
stronger the solution, the higher the 
liquid will rise in the tube. If sugar 
solutions are put into the beaker as well 
as into the skin, it will be found that 
water enters the skin, causing the column 
to rise when the stronger solutioiji is in 
the skin, but that water leaves the skin 
and the column falls when the stronger 
solution is outside the skin. 

The results of the above experiments 
show that, when two solutions of different 
concentrations are in contact, there is a 
difference of pressure between them, and 
if they are separated by a semipermeable 
membrane, the pressure difference tends 
to drive solvent from the weaker to the 
stronger solution. The pressur e which can 
Pio, 135 . be exerted by a solutio n in conta ct with 

its solvent is called the osmotic pressure’ 
of the solution, and this pressure may be measured by the lieight to 
which the liquid column will rise in experiments such as those 
mentioned above. 

Diffusion and osmosis play very important parts in both plant and 
animal life. The bodies of plants are built up of cells which have a 
linii^ of living matter called protoplasm. The interior of the cell is 
aAen IMCUpied by sap, which is a watery solution containing food 
far the plant. The protoplasm acts as a semi-penneable 
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membrane allowing water to pass through it but preventing the passage 
of the foodstuffs. Thus osmosis assists the flow of water from one part 
of a plant to another for, if adjacent cells contain sap at different con- 
centrations, water will pass from the one with lower concentration to 
"1;hat with higher concentration. Soft plant stems are maintained stiff 
and upright by the pressure of water in their cells causing them to 
swell out and become rigid. In hot, dry weather much of this water 
evaporates from the plants, and they tend to droop. When water is 
supplied to their roots it diffuses into the plant cells owing to the high 
osmotic pressure of the remaining sap, and makes them rigid once more. 

When foodstuffs are to be stored in plants they are usually converted 
into colloidal, non-diffusible substances such as starch. When they are 
to be used by the plant chemical changes take place which convert 
them into diffusible substances, so that they can pass from cell to cell 
until they reach the part of the plant where they are required. 

In the animal body, food is changed by the digestive processes into 
diffusible substances. At certain places blood vessels with very fine 
membranes are in close contact with the intestines and the digested 
substances diffuse into the blood to be carried to various parts of the 
body by the blood stream. 

The air spaces in the lungs are also surrounded by^ blood vessels 
with very fine membranes, so that the oxygen from the air breathed 
in may diffuse into the blood. 


QUESTIONS ON CHAPTER XIII 

1. What is meant by surface tension ? Describe experiments to 
illustrate its existence, 

2. Describe experiments, one in each case, to illustrate the following 
statements : (a) water behaves as if it had a skin; (6) the surface tension 
of water is lowered by* dissolving soap in it; (c) alcohol has a lower 
surface tension than water, 

3. Explain : (a) why small drops of mercury are globular but large 
drops have a' more ^ttened shape; (6) why material through which air 

. can pass may make a jainproof tent; (c) why a light sieve will** float 
if its wires are waxed. 

4. What is meant by capillarity? Briefly explain why water 
rises in a tube dipped into it and why it rises higher in a narrow tube 
than in a wide one. 
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5. How does mercury differ from water with regard to capillarity ? 
Briefly explain the difference. Why should a mercury barometer not 
have a very narrow tube ? 

6. When plants in pots have to be left unattended during summe; 
holidays they may be kept watered by placing beside them a pail of 
water and running threads of wool from the water to the soil. Explain 
this. 


7. What* is meant by the viscosity of a liquid ? How would you 
compare the viscosities of water and glycerine ? 

8. How does the viscosity of a liquid vary with temperature ? 
How would you demonstrate this in the case of a lubricating oil ? 

9. Describe simple experiments to illustrate the process of diffusion 
(a) of dissolved substances, (b) of gases. 

10. Describe an experiment to show that carbon dioxide diffuses 

more slowly than air. Why will carbon dioxide, though considerably 
denser than air, slowly escape from an uncovered jar with its mouth 
upwards ? , 

11. State Graham’s Law of the diffusion of gases. 

If 100 c.cm. of hydrogen escapes from a porous pot in 10 sec., how^ 
long would it take 200 c.cm. of carbon dioxide (22 times as dense as 
hydrogen) to escape from the same pot ? 

12. Explain, by means of an example, the process known as dialysis. 

13. Describe experiments to illustrate what is meant by the osmotic 
pressure of a solution. How can such a pressure be measured ? 

14. What connexion is there between the concentration of a 
solution and its osmotic pressure ? How would you demonstrate this 
connexion ? Give some account of the importance of this in connexion 
with the movement of water in plants. 



SECTION II— HEAT 

CHAPTER XIV 

TEMPERATURE, THERMOMETERS 

• 

In the early days of the study of heat it was regarded as a fluid 
which flowed from one body to another. To-day, as will be shown in 
Chapter XXII., we know that heat is not a material fluid but a form 
of energy. We may, however, still speak of the flow of heat, since 
energy in the form of heat is. frequently transferred from one body to 
another. 

When heat enters a body, several results may follow, (i) Usually 
the temperature of the body rises, that is the body gets hotter, though 
this is not always the case, (ii) The body may change its state. If a 
solid it may be converted 
to liquid, and if it is a 
liquid it may be vapourised. 

^(iii) Chemical changes may 
also result, but in this book 
we are only concerned with 
cases where there is no 
chemical change, (iv) A Fig. 136. Thb Ball and Ring. 

less obvious, but very 

important, effect in most cases is that the body ezpandSi that is 
increases in size. 

Expansion of Solids 

The increase in the size of a solid body when it is heated is so small 
a fraction of its original size that it is not obvious to the eye. Various 
simple forms of apparatus, however, readily demonstrate that an 
increase does occur. 

Fig. 136 illustrates a metal ring with a metal ball which will just 
pass through it when both are cold. If the ball is heated in a Bunsen 
flame and then placed on the ring, it will be found to have become too 
big to pass through. When it is cold again it will pass through the 
ring 'once more. 

oiN mr. KU 
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Fig. 137 shows a metal rod and a metal gauge. The rod will just 
fit lengthwise in the slot in the side of the gauge, and its ends will just 
fit into the holes in the gauge. When hot it will not go into the slot 

nor into the holes, showing that 
i O' it expands in both length andV 
thickness. 

Solids may exert very great 
forces when they undergo 
expansion and contraction due 
to heating and cooling. This is 
demonstrated by the apparatus 
shown in Fig. 138. An iron bar 
is threaded at one end and an 
internally threaded wheel is 

Fio. 137. The Bar and Gauge. screwed on to it. The other 

end is pierced by a hole through 
which a pencil of cast-iron is passed. This is fitted into a strong iron 
frame as shown. By screwing the wheel outwards it is made to press 
against the projections at A, while the cast-iron pencil presses against 
those at B. A long gas burner fitted into the base of the frame is 
lighted to heat the bar. The resulting expansion sets up sufficient 
force in the bar to break the cast-iron pencil. 

While the bar is hot another pencil may be passed through it, and 
the wheel screwed up until it is pressing against the projections at C 
and the pencil presses against those at D. On cooling its contraction 
will snap the pencil. 

Equal lengths of different solids undergo unequal expansions when 
equally heated. This 
is shown by a com- 
pound bar. As shown 
in Fig. 139, equal strips 


B D C A 




of copper and iron are 
rivetted together to 
form the bar. When it 
is heated it bends with 
the copper strip on the 
inside of the curve. As the outside of a curve is longer than the 
1^^^, this shows that the copper strip has expanded more than the 



Fig. 138 . Upper Fig . — Side view: Lower— P lan. 
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Expansion of Liquids 


Fit a flask with a cork through which a long tube is passed. Fill 
the flask to the brim with water coloured with ink (Fig. 140). When 


.^he cork is replaced some of the water 
will be forced up the tube. Slip a ^ 


COPPER 

paper scale on the tube to assist 
observations of movements of the 

a 

stkl cold 

surface of the water. 



Heat the flask by means of a 


Fio. 139. 


Bunsen burner. At first the ^ater will 

fall a little in the tube for the flask gets hot and expands, making 
more room for the water, before the heat reaches the liquid. Soon the 
liquid will be seen to rise in the tube showing that it does expand 
when it gets hot, and it will rise beyond the mark from which it first fell. 


This shows that tlic expansion oj the water is j^rpjaterJJinf . 

If the flame is removed the liquid will continue to 
rise for a time. The flask cools more quickly than the 
liquid, and its contraction squeezes more liquid into the 
tube. Eventually the liquid will fall again, indicating 
that it does contract as it cools. 

As in the case of solids, equal volumes of different 
liquids expand unequally when equally heated. This 
can bo shown by fitting up two flasks as in the last 
experiment. Choose equal flasks and equal tubes, so 
that when filled they wiU contain equal volumes of 
liquid. Fill one with water and the other with some 
other liquid, such as methylated spirit. Fill a large bowl 
with warm water and stand the flasks side by side in it. 
Thus both liquids will be equally heated. The rise of the 
spirit in its tube will be greater than that of the water, 
showing that the spirit expands more than the water. 


Fio. 140. of 

Fit a flask with a cork and tube, arranging the tube 
^ so that it reaches nearly to the bottom of the flask, and place in it a 


little coloured liquid (Fig. 141). The upper part of the flask will be full 
of air. Warm tUs air by placing the hands round the upper part of the 
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flask. Liquid will be seen to rise in the tube, showing that the air has 
expanded and displaced some of the liquid from the flask. 

Fit up two equal flasks as above, putting equal volumes of liquid 
in them, so that they have equal gas spaces. Leave the air in one but 
fill the other with a gas such as hydrogen. Place them together in a 
bowl of warm water, and it will be found that the liquid rises to the 
same height in both cases. Thus for diiferent gases. unUhp. ligmAs and 
etfuaLudumea eatiaUv healed, mderao emml t^nnanxionx. 

Expansion in Everyday Life , 

In some instances the effect of the expansion of bodies when heated 
may be troublesome, and precautions have to be 
taken against these effects. In other cases use may 
be made of expansion. A few cases of each type are 
noted below. Other examples are given in the 
chapters where expansion is dealt with more fully. 

(o) Railway lines are subject to changes of tem- 
perature as the air temperature changes. Although 
the expansion of a single rail in changing from 
winter to summer temperatures would be very small, 
the total expansion over miles of rails might amount 
to several feet, and if the rails were already tightly 
end to end, they would buckle under the force set 
up by the expansion. Hence they are laid with 
small spaces between consecutive rails to allow for 
expansion. 

(6) In a similar way, if long iron bridges were 
firmly fixed into masonry at both ends, they would tend to buckle or 
damage the masonry when the temperature rose in summer. To avoid 
this one end is usually rested on rollers and a space left in the masonry 
to allow for expansion. 

(c) Long wires, such as telephone wires or wire fences, will contract 
considerably when the temperature falls in winter. If they were 
already tightly stretched between their supports the strain might be 
.sufficient to snap them. Hence, if they are put up in hot weather, 
they should be allowed to sag a little. 

fT When a stone gets amongst the coal on the fire, pieces tend to 

^ from it as it gets hot. This is due to the outer layers expanding 
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before the inner part becomes bot, so that they break away. The same 
process occurs in Nature, particularly in regions where there are great 
differences between day and night temperature, and tends to break up 
surface rocks, so assisting in the formation of soil. 

In a similar way thick glass tumblers often crack when very hot 
liquids are poured in them. The inner layers ten(^ to expand before 
the outer layers, and the latter are burst by the resulting pressure. 
Laboratory vessels which have to be heated are usually ^made of thin 
glass because of this. 

, In the case of both the stone and the glass the effects are partly due 
to the fact that they are had condiu^ors (see Chapter XVIII.), that is, 
heat does not readily pass through them. 



Use may be made of this effect when a glass stopper has become 
tightly fixed in a bottle neck. If a cloth which has been dipped in hot 
water is wrapped round the neck, the stopper is loosened by the 
expansion of the neck. 

(e) When making a cart-wheel, the wheelwright makes the iron rim 
slightly too small to slip on the wheel. It is expanded by beating to 
get it on, and on cooling it contracts and presses all the parts of the 
wheel firmly together. 

(/) Expansion may be utilised in the construction of automatic 
fire alarms. In one system a long wire is stretched across the room 
%nd a metal plate is supported just below it. Electrical connexions 
are made as shown in Fig. 142. The gap between the wire and the 
plate is so adjusted that, at a temperature somewhat higher than that 



166 


GENERAL PHYSICS— HEAT 


wbich may reasonably be expected in the room, the sagging of the wire 
due to its expansion will bring it into contact with the plate, completing 
the electrical circuit and setting the bell ringing. 

Alternatively, a compound bar may be used as shown in Fig. 143. 
Note that the more expansible metal of the compound bar must be on 
the outside to cause bending in the right direction. 

Temperature and Heat 

Temperature has been spoken of as rising^r falling when' bodies 
become hotter or cooler^o it may be said thai mhe temperature of a bodi^^ 
is its degree of hotness.^ This must not be confuseii with the quantity 
of heat in a body. A cupful of boiling water has the same temperature 



as a kettleful of boiling water, but more heat would have to be given 
to the latter quantity than to the former to bring it to the point of 
boiling. A definite experiment may be made on this point by making 
a small iron nail red hot and an iron pound weight so warn^ that it can 
-only just be held in the hand. The nail will then be at a considerably 
higher temperature than the pound weight. They are then dropped 
separately into equal quantities of cold water. That into which the 
weight is dropped will be warmed much more than that which receives 
the nail. Thus the weight contained more heat than the nail although 
it was at the lower temperature. 

A further important idea concerning temperature may be obtaine<i^ 
considering what would happen if the red hot nail were placed on 
warm iron weight. The nail would become cooler and the wright 
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a little warmer, that is, heat would flow from the body at high tempera- 
ture to the one at low temperature in spite of the fact that the latter 
already contained the greater quantity of heat. Because of facts such 
as these, temperature is often defined as the condition which determines 
-in which direction heat will flow if two bodies are placed in contact. 

Measurement of Temperature. Thermometers 

Bough ideas of differences in temperature may be obtained from 
our sense of touch, but it is evident that accurate coiftparisons when 
temperature differences are small could not be made in that way. 
Instruments for measuring temperatures are called ^thermom eters. 
Common thermometers use the expansion of a liquid to 
show changes of temperatures, and are based on the 
principle of the apparatus described on page 163. If a 
thermometer is examined it will be found to consist of a 
small bulb on the end of a capillary tube. The bulb 
and part of the tube are filled with liquid, and the upper 
end of the tube is sealed so that the liquid will neither 
spill n*or evaporate from the tube. In order that the 
liquid may expand freely into the upper part of the 
tube, air has been removed from it so that it is a 
vacuum. A scale of degrees is marked on the stem 
to indicate temperatures corresponding to various levels 
of the liquid in the tube. 

( 1 ) Thermometer Scales. — To obtain a standard 
scale on a thermometer two “ fixed points ” must first Pia, 144 . 
be marked on it. By a fixed point is meant a tempera- 
ture that will always be the same under given conditions so that it 
may be readily reproduced to ensure that the “ fixed point ” mark 
means the same temperature on aU thermometers. 

Convenient “ fixed points ” are the temperature at which ice mdts 
and the temperature of steam from boiling water. These do change a 
little under changing pressures (see Chapter XX.), but vary by only 
very small amounts under ordinary atmospheric conditions. 

(a) The lower fixed point. The unmarked thermometer is stood 
with its bulb inside a funnel into which small chips of ice are packed 
(Fig. 144). Using a funnel allows the wat-er formed from the melting 
ice to drain away, and ensures that ice is in contact with the bulb aU 
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the time. Ice should be packed round the stem until the liquid thread 
is only just visible above it. This ensures that all the liquid is brought 
to the temperature of the ice. The mark should not be made until 
the liquid surface becomes stationazy, showing that it has fallen to 
the temperature of the ice. 

(5) TAe upper fixed point. The apparatus shown in Fig. 145 and 
known as a hypsometer may be used for marking this. It is made of 

metal, and consists of a boiler, in which 
the water is placed, surmounted by a 
double cylinder. The steam from the 
water must rise up the inner cylinder 
and pass down the outer one to escape. 
The outer layer of steam protects the 
inner layer, in which the thermometer 
is placed, from the cooling efiect of the 
surrounding air. As the boiling point 
of water is more affected by pressure 
changes than the melting point of icc, 
a manometer is connected with the 
inner cylinder. The rate at which 
steam is produced should be adjusted 
until the mercury stands at the same 
level in both arms of the manometer, 
thus ensuring that the pressure of the 
steam is equal to that of the atmos- 
phere. The bulb should not touch the 
water but should be completely sur- 
rounded by steam. At. the same time 
the thermometer should be inserted far 
enough into the hypsometer for the 
liquid to be only just visible above the cork. The mark should not be 
made until the liquid column is stationary. 

(2) Fahrenheit and Centigrade Scales. — In order that different 
ttKKrmometers shall give the same readings when at the same tempera- 
ture, the space between the melting point and boiling point should be 
lidded into the same number of degrees on each, and the fixed points 
ih^u^lves should be similarly numbered on each. There are two 
ways of numbering thermometer scales. For domestic and 



Fig. 145. 
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industrial purposes in England thermometers marked with the 
Fahrenheit scale are frequently used. On the continent of Europe the 
Centigrade scale is generally used, as it also is by all scientists. 

For the Fahrenheit scale the melting point is marked 32° and the 
**^iling point 212°, the space between being divided into 180 parts for 
single degrees. " The corresponding numbers on the Centigrade scale 
are 0°, 100°, and 100 parts. In each case the scale may be extended 
above or below the fixed points by continuing to mark degrees equal 
to those between the points. * 

Conversion of Temperatures 

After taking a reading with one type of thermometer it is sometimes 
necessary to calculate the temperature that 
would be registered by the other type. Fig. 

146 shows a comparison between the two scales. 

It will be seen that, if the space between boiling 
point and freezing point is divided into 20 equal 
parts each of those parts will contain 9 Fahren- 
heit degrees and 5 Centigrade degrees; 

9 Fahr. degs. == 5 Cent. degs. 
or 1 Fahr. deg. = § Cent. deg. 
or f Fahr. degs. = 1 Cent. deg. 

Conversion calculations are complicated by the 
fact that the zero is not at the same level on both 
scales, but are easy if they are always based on distance above or 
below Freezing Point. 

Examples.— -(I j Convert 40® (7. to the Fahrenheit scale. 

Distance above F.P. = 40 Cent. degs. 

4.0 V Q 

= — g — Fahr. degs. = 72 Fahr. degs.; 

/. Required temperature = (32 + 72)® F. = 104® F. 

(2) Convert — 10® C. to the Fahrenheit scale. 

Distance bdow F.P. = 10 Cent. degs. 

10 y 9 

= — g — Fahr. degs. = 18 Fahr. degs.; 

Required temperature « (32 — 18)® F. — 14® F. 


F , C 
DP 212 XJOO 


180 J 
degrees ^ 


100 

degrees 


/ 

F-P. 32 J'O 
Fio. 146. 
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(3) Convert 68® F. to the Centigrade scale. 

Distance above F.P. = (68 — 32) Fahr. degs. 

s= Cent. degs. = 20 Cent. degs. ; 

y 

/. Required temperature = 20° C. 


(4) Convert — 4° F. to the Centigrade scale. 

Distance below F.P. = (32 + 4) Fahr. degs. 

— ^ - Cent, degs = 20 Cent. degs. ; 

Required temperature = — 20° (>. 


R]6aumur Scale. — ^In some parts of Eastern Europe a thermometer scale 
known as the Reaumur scale is used. It has freezing point marked 0° and boiling 
point marked 80**. If compared with the other scales by diagrams similar 
I I to Fig. 146 it wiU be found that 4 R. dogs. = 6 Cent. dogs, or 9 Fahr. degs. 


/\ 

M 


wr. 


Filling a Thermometer 

The very fine bore of a thermometer tube prevents liquid 
being poured into it as there is not room for the liquid' to pass 
the air in the tube. A piece of wider tube is attached to ; 
the top of the thermometer and the liquid is poured into it 
(Fig. 147). The bulb is then warmed. This expands the air 
inside so that some of it is forced to bubble out through the 
liquid. On cooling the bulb again, the remaining air contracts 
and the pressure of the atmosphere forces some of the liquid 
down the tube and into the bulb. The process may be repeated 
so that more air is driven out and more liquid enters, but the 
whole of the air cannot be removed in this way. When the bulb 
is about half-full, the liquid in it is boiled so that some turns 
into vapour which fiUs the whole tube, sweeping out the 
remaining air. On cooling again, this vapour will condense, 
and since no air remains, liquid will flow in to fill the tube 
completely. The thermometer is then placed in a vessel of 
liquid with a high boiling point which is heated until it is a 
little above the highest temperature the thermometer is likely 
to be used to measure. While the thermometer is at this 
temperature, a flame is directed against the upper part of thef^ 
tube to seal it. The liquid which remains in the tube will 
contract, leaving a vacuum above it, on cooling. 
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Thermometer Liquids ^ 

A liquid to be suitable for^^s^n a th^mometer* should have the 
following properties: — 




^ (1) It should be opaque so as to be readily seen. 

(2) It should be a good conductor of heat, so that all the liquid in 
the thermometer rapidly comes to the same temperature. 

(3) It should have a high coefficient of expansion so that a small 
change of temperature will cause a considerable change* in its volume. 

(4) Its expansion should be regular, that is its expansion per degree 
should be the same at different points on the temperature scale. 

(5) It should have a low specific heat and low density, so that the 
thermal capacity of the volume used will be small, and it will not 
appreciably cool the body whose temperature is to be taken. 

(6) It should have a high boiling point and a low melting point, 
so that both high and low temperatures can be measured by it. 

No. one liquid has all these properties. The following table com- 
pares the two liquids most commonly used: — 


Mercury 

Alcohol 

1. Opaque. 

2. Good conductor. 

3. Coef. of expansion, 0*00018. 

4. Expands regularly. 

5. Specific heat, 0*033. 

Specific gravity, 13*6. 

6. Freezing point, — 39° C. 
Boiling point, 357° C. 

1. Transparent, but may be 

coloured by dyes. 

2. Poor conductor. 

3. Coef. of expansion, 0*00104:. 

4. Expansion somewhat irregular. 

5. Specific heat, 0*6. 

Specific gravity, 0*8. 

6. Freezing point, — 130° C. 
Boiling point, 78° C. 


Sensitive and Quick- Acting Thermometers 

A thermometer should be both sensitive and quick acting, that is, 
there should be a visible movement of the liquid thread for a small 
change in temperature, and it should quickly register temperature 
changes. 

* Some of tho points mentioned in this section will be more fully understood 
when later chapters have been read. 
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Sensitivity can be increased by increasing the size of the bulb as a 
bigger volume of liquid will give a bigger expansion per degree. It 
can also be increased by reducing the bore of the tube as a given 
increase in volume will then fill a greater length of tube. 

Quick action can be secured by making the glass of the bulb very " 
thin, having a small bulb, and using a liquid of good conductivity, so 
that the heat quickly passes to all parts of the liquid. 


Special Thermometers 

(1) Maximum and Minimum Thermometers. — Those are used for 
recording respectively the highest and lowest temperatures during a 
given period. Fig. 148 represents Sixers thermometer which gives 
both maximum and minimum readings. Bulb ^ and the tube down 
t o B. contain alcol ud. From B to C^ there is a thread of mercury* 
»^nd from C to D more alcohol. Above D is a space 
/q\ from which air has been removed. The left-hand 

^ gide is graduated according to the expansion of the 
alcohol in AB. The right-hand side is graduated 
so that, as the expansion of the alcohol in AB drives 
the mercury round towards D, both mercury surfaces 
will always point to the same number. If the alcohol 
in AB contracts, the pressure of that in CD will drive 
the mercury back. 

Just above the mercury in each limb is a small 
iron index. Since alcohol, but not mercury, will 
wet these, surface tension will prevent them from 
breaking the mercury surfaces. To set the ther- 
mometer, each index is brought into contact with 
the mercury by drawing a small magnet down the 
tubes. If the temperature rises the mercury will 
push the right-hand index .upwards, but the alcohol 
will just flow round the left-hand one without 
moving it. A fall of temperature would raise the 
left-hand index but leave the right-hand one 
unmoved. Thus, however long the thermometer is 
left, the right-hand index will indicate the highest 
temperature there has Jieen since it was set, and the 
Wra. 14 S. left-hand one the lowest temperature. 
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(2) Clinical Thermometers. — Clinical thermometers are 
a special type of maximum thermometers used for taking 
the temperature of the human body by placing the bulb 
under the tongue or in the arm pit. Their construction is 
Tshown in Fig. 149. At c there is a very narrow constriction 
of the bore. When the mercury contracts after warming the 
thread breaks at c, so that some mercury is left in the stem 
registering the temperature that had been reached. This 
thread is shaken back into the bulb before using the ther- 
mometer again. 

The normaZ^emuera^^re of the body is ahovl 98-2** F.. 
and it ordv wiries hy about a few deqre^ above or below this. 

Hence a scale going below 90° F. would have no value. For 
this reason in the bore below c there is a loop which takes 
up the expansion of the mercury until a temperature of 
about 90^ F. is reached. This allows the thermometer to be 
kept conveniently short. 

• 

QUESTIONS ON CHAPTER XIV 

^ 1. Describe simple experiments to show that solids, liquids, and 

gases expand when heated. 

What evidence do your experiments give to show that gases expand 
more than liquids and liquids expand more than solids ? 

2. How would you show (a) that equal lengths of different solids 
equally heated have unequal expansions, (6) equal volumes of different 
gases equally heated have equal expansions ? 

3. Describe three cases in which the expansion of bodies on 
heating have troublesome effects, and explain the precautions that may 
be taken to prevent those effects. Also describe three cases in which 
use is made of expansion. 

4. Describe an experiment to illustrate the difference between the 
temperature of a body and the quantity of heat it contains. 

It is sometimes said that temperature bears the same relation to 
^quantity of heat as. level bears to volume of water. Illustrate that 
statement. 

6. Briefly describe a thermometer and eaqflain how it is filled. 
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6. Describe the marking of the “ fixed points ” on a thermometer. 
State how, when the fixed points had been marked, you would proceed 
to mark (a) a Centigrade scale, (6) a Fahrenheit scale on the thermo- 
meter. 

7. (a) Complete the following table of corresponding Centigrade 
and Fahrenheit temperatures. 


c. 

1 

g 

O 

1 


10® 


45* 

75® 


F. 


- 13* 23* 


59® 



203® 


(6) From the completed table plot a graph to show the relation 
between the two scales, and use the graph to determine the temperature 
which is represented by the same number on both scales. 

8. Enumerate the steps in the construction and graduation of a 
mercury thermometer whose range is from — 10® C. to 110® C. What 
is (a) the advantage, (6) the disadvantage, of providing the thermometer 
with a large bulb for a specified cross-sectional area of the stem ? [L.U. 

9. Describe and explain the action of a thermometer that may be 
used to indicate (a) maximum, (6) minimum temperatures. 

The maximum and minimum temperatures recorded on a particular 
day were 75® F. and 44® F. respectively. Express the temperatures in 
degrees Centigrade. [L.U. 

10. Make a careful drawing of a clinical thermometer (actual size), 
including the usual graduations and the mark for the normal tempera- 
ture of the body. 

What special features in its construction determine — 

(a) That it records the maximum temperature; 

(b) Whether this maximum temperature is reached in half a minute 
or in one minute; 

(c) The ease with which the instrument can be read? [L.U. 

11. Explain why mercury and alcohol are chosen as suitable 
liquids to be used in thermometers. 

Describe how you would test the accuracy of the fixed points of a 
inezcury thermometer. [L.U. 

12. Describe the method of graduation of a mercury in glass ther- 
mometer, such as would be suitable for the determination of the 
mettiog point of naphthalene (which is between 70® C. and 80® C.). 

Also describe the method of making this determination. 

What kind of thermometer could be used for measuring a low 
tempeialturei such a& the freezing point of mercury ? 
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EXPANSION OF SOLIDS 


-f 


X 


Measuring Expansion of a Rod 

It has b(^en shown tliat the expansion of a solid is very small 
compared with its original size. It follows that, to measure the 
increase in length of a rod with 
accuracy the rod should be long, 
its temperature should be raised 
considerably, and an instrument for 
measuring very small lengths 
should be used. 

Fig. 150 illustrates a form of 
apparatus which may be used. A 
rod of metal at least 50 cm. long 
passed through corks in the ends 

a long glass tube, a thermo- 
meter having been tied to it with 
its bulb at about the middle of the 
rod. Bent tubes A and B are also 
passed through the corks. This 
apparatus is fixed vertically in a 
wooden stand with the lower end of 
the rod resting on a block. Across 
the top of the stand is a glass 
plate with a hole through its 
centre. A spheroraeter stands on 
this plate. 

Cold water is run into the tube 
at A and out at B for a few minutes 
to bring the rod to the temperature 
, of the water. The temperature is 
then noted from the thermometer. The spherometer screw is screwed 
down until it makes contact with the top of the rod. The electrical 
^Mimt shown will indicate when contact is just made, as the bell will 
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ring when the gap between the screw and the rod is closed. The 
spherometer is then read. 

The screw is then screwed up to give space for the expansion of the 
rod. The flow of water is stopped^ and A is connected by rubber tubing 
to a flask in which steam is being generated. The steam is allowed to 
pass through the tube until the thermometer has registered a steady 
temperature for a minute or two so that the rod may be brought to 
that temperature. The reading of the thermometer is then taken again, 
the screw screwed down to make contact with the rod once more., and 
a second reading of the spherometer is taken. The difference between 
the two spherometer readings is equal to the expansion of the rod. 

The following points concerning the apparatus should be noted: — 
(1) The temperature may not be quite the same at the two ends of the 
rod. By placing the thermometer bulb half-way along it, the average 
temperature along the rod is obtained. (2) The parts of the rod 
outside the corks will not be directly heated by the steam and are 
subject to cooling by the air, so they should be as short as possible. 
(3) The rod should be well pressed down on the block at the base, so 
that the upper end must rise by the full amount that the rod expands. 

In such an experiment with an iron rod the following results were 
obtained: — 

Length of rod = 51 cm. 

1st spherometer reading = 0*25 mm. ; 


2nd spherometer reading = 0*74 mm.; 

/. Expansion = 0-49 mm. = 0*049 cm. 

1st temperature = 16° C. 

2nd temperature = 99° C.; 

/. Increase in temperature = 83° C. 

•049 

Expansion expressed as fraction of original length = 


/. Fractional expansion per degree 


•049 

51 X 83 


• 000012 . 


This number expresses the fact that an iron rod expands by *000012 
d its original length for each degree Centigrade that its temperature> 
which will apply to linear ^mensions of iron articles in general^ 
60 .-:^ ea^ed the "'coefficient of linear expansion of iron.” Thft 
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^vrfHrfant t>f Tinoar ATnaturinn nf MihatonnA in tJift fiactfonal increasa 
inlan|rth Of a mece of fliatsnbataiice per detroe rise of temperature, t.e. 

- — . Tnnrftiija^ in leiUfth 

cient ( ear) — Original length x Bise~^ temperature* 

-T 

The above example shows how a coefficient of expansion may be 
calculated from experimental results. Note that the final result 
would not be affected by making the measurements in other units than 
centimetres, so long as both original length and expansion are expressed 
in the same units, since the ratio between expansion and original length 
would not be altered. The result does depend on the temperature 
scale used. One Fahrenheit degree is only § of a Centigrade degree, 
so that the expansion per degree Fahrenheit would be f of that per 
degree Centigrade. 


Coefficients of Linear Expansion per Degree Centigrade 


Aluminium 
Brass ... 
Copper . . . 
Glass . . . 

^ Invar ... 


•000026 

•000019 

•000017 

•0000085 

•000001 


Iron -000012 

Lead -000028 

Platinum . . . *000009 

Quartz -00000042 

Zinc -000028 


Examples. — (1) A copper aerial wire is 50 ft. long when it is put up, 
the temperature being 10° C, What mil its length be when the temp&rature 
becomes 25° C.? 


The fractional increase per degree C. = -000017 ; 

Expansion of 50 ft. for 15° C. rise in temperature 

= -000017 X 50 X 15 = -01275 ft. 
Length at 25° C. = 50-01275 ft. 


(2) If iron rails each 30 ft. long are laid close up end to end when the 
temperature is 90° F., what space will there be between consecutive rails 
when it is just freezing? 

Fractional increase per degree F. = -000012 x f. 

Fall in temperature = (90 — 32)° F. = 58° F. ; 

/, Contraction of 30 ft. = -000012 X X 30 X 58 ft. 

— *0116 ft. == *14 in. (approx.). 
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Simple calculations on expansion may be made as above, but 
coefficient calculations so frequently occur in Physics that it is useful, 
particularly in theoretical work, to be ready to apply the general 
coefficient formula obtained below. 

Let Zo the length of a bar at 0° C., and be its length at C. 
Also let its coefficient of linear expansion per degree C. be a. 

Then If. — Iq == the expansion of the rod between 0° C. and C. 
But this expansion = Iq X a X t; 

Zq = Zq X ® X ^5 
~ Zq + ZquZ; 
h = Zq (1 + at). 

This formula may be modified when the length at 0'^ C. is not 
known to the form 

hi - - hi {i + ® (^2 ■“ ^i)} 

in which Z^^ represents the length at C. and that at C. In this 
form it is not exactly correct but the error for moderate differences of 
temperature is negligible. ' ^ 

Thus Example (1) above may be worked as follows: — 

Z25 = Zio{l + <i(tZr)-10)} 

= 50 {I + -000019 X 15} 50 X 1-000285 - 50-01425; 

/. Length at 25^ C. = 50-01425 ft. 


Superficial and Cubical Expansion 

When a solid body is heated its surface area and volume as well 
as its linear dimensions will increase. Increase of area is spoken of as 
superficial expansion; that of volume as cubical expansion. 


The coefficient of 


superficial) 
cubical f 


expansion of a substance is the 



de gree rise in temperature. Using such coefficients, calculations on 
ihcreases of area and volume may be made as in the case of linear 


expansion. 

Imagine a one-inch square plate of material of coefficient of linear 
^(sjrfwjsion a (Fig. 151). Let its temperature be increased by 1° C, 

m each side will expand a in. and become (1 + a) in. ; 
if,; Its area becomes (1 a)® = 1 + 2a a® sq. in. 
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a^sq. in« 


a is a very small fraction, so is extremely small, and may be 
neglected. 

(Note in Fig. 151 , whero the expansion is very much exaggerated, it is the 
square in the comer which represents a®. In an actual case each side of this 
square would bo about 1^^555 in. long.) 

The increase of area is approximately = 2o sq. in. ; 

B’ractional increase per degree, that is, coefficient of superficial 

2a 

expansion = y -- 2a. 

Hence the coefficient of superficial expansion of a solid is equal to 
twice its coefficient of linear ex^ 

In a similar way, by consider- 
ing a cube with each edge 1 in. 
long, it can be shown that the 
coeffiefent of BTpnsion nf 

a solid is equal to three times its 
coefficient of linear expansion^ for if 
the temperature rose 1® C., each side 
f>ould become (1 + a) in. long; 

‘ r. The volume would become (1 4- 
a)* = 1 4- 3a + 3a^ 4“ cub. in. 

But a® is still smaller than a^; 

The new volume is approximately 1 4- 3a cub. in. ; 

The expansion is 3a cub. in., and the fractional increase per degree C. 

3a _ 

== Y = 3a. 



Formulae of the same type as that proved on p. 178 may be obtained 
for superficial and cubical expansion. Thus for superficial expansion we 
may write 

= ^0 (1 + 

where is the area at t° C. of a surface whose area is Ag at 0® C., the 
coefficient of superficial expansion of the substance being s. 

Similarly, 

\ = F© (1 4“ ci) 

when Vt is the volume at C. of a mass of substance which has a volume 
F© at 0® C, and whose coefficient of cubical expafly^on is 0, 
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Example. — A brass cube has each edge 10 cm, long at 15® C, What 
will he the area of each face and its volume at 60® C, ? 

Area of face at 15® C. = 10 X 10 = 100 sq. cm. 

Coef. of superficial expansion = '000019 X 2 = '000038. 

Using formula * 

A^==A,,{l + sim-15)} 

= 100 {1 + *000038 X 45} 

= 100 X 1*00171 = 100 171; 

/. Area at 60® C. = 100*171 sq. cm. 

Vol. at 15® C. = 10 X 10 X 10 = 1000 c.cm. 

Coef. of cubical expansion = *000019 X 3 = *000057. 

Using formula 

Veo=- Fi5{1 + c (60-15)} 

= 1000 {1 + -000057 X 45} 

= KXX) X 1-002565 -= 1002*565; 

Vol. at 60® C. = 1002*565 c.cm. 

f 

Applications 

The table on page 177 shows that Invar, which is an alloy of nickel 
and steel, has a very small coefficient of expansion. For this reason 
it is often used in the construction of instruments where expansion and 
contraction must be kept to a minimum. 

Platinum and glass have approximately equal coefficients. For 
that reason platinum wire is generally used when wires have to be fused 
through the walls of glass vessels. If you insert an iron wire into the 
drawn-out end of a glass tube and then try to seal it into the glass 
you will find that it breaks away on cooling because the wire contracts 
more than the glass around it. A platinum wire would not do this, as 
the contractions would be about equal. 

Quartz has a very low coefficient of expansion. Since it can be 
made into vessels similar to glass vessels it is frequently used in making 
laboratory ware which can then be made thick and strong without 
being liable to crack when heated. 

.A gas regulator, to maintain an oven at a steady temperature, 
Ipiiittiirated in Fig. 152. The arrows indicate the path of the gas through 
tli^^ulator4>n its way to the burners. The tubular part is inside the 
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oven. If the temperature inside the oven rises, the brass tube expands, 
})ut the Invar rod remains practically constant in length. Thus the 



Fig. 152 . 


cone B is pulled towards the left and checks the flow of gas through the 
opening at A. If the tem])erature in the oven falls, the contraction 
of the tube pushes the cone to the right which allows gas to flow more 
freely to the burners. 


Measuring rods and cliains will vary slightly 
in length as their temperature changes. A stan- 
dard measure of approximat(dy constant length 
can be made by using two metals with dilferent 
'f^coefiioients of expansion. Reference to the table 
^ 'Vill show that the coefficient for brass is approxi- 
mately times that for iron. Therefore 1 unit 
length of brass wull expand as much as 1^ unit 
lengths of iron, or 2 unit lengths of brass as much 
as 3 unit lengths of iron. Thus (Fig. 153), if a 
3-ft. rod of iron and a 2-ft. rod of brass are 
placed side by side and joined at one end, the 
distance between the free ends will always be 
1 ft. whatever the temperature may be. 

The principle of the last paragraph is utilised 
in the compeiit^ation of clock pendulums. The 
number of swings a pendulum makes in a given 
time depends on its length . The longer the pendu- 
lum, the greater is its time of swing. Since the time 
of swing of the pendulum regulates the rate at 



Pro. 153. 


^ which the clock goes; clocks with uncompensated 

pendulums tend to lose time when the temperature rises owiii^ to 
inerease in length of the pendulum through its expansion. 
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A pendulum usually has a light rod and 
a heavy bob, so that its centre of gravity is 
approximately at the centre of the bob and 
its effective length is the distance from its 
point of suspension to the centre of the bob. > 
In order to keep this effective length con- 
stant, 

up of a system of brass and iron 
indicated in Fig. 154. Any expansion of the 
iron bars will tend to lower the Lob, in- 
creasing the effective length AB. But expan- 
sion of the brass rods will raise the bob and 
shorten AB. If the total letigths of rods 1, 
3, and 5 and the total length of rods 2 and 4 are 
in the ratio 3 : 2, tliese two opposing effects 
will balance each other and the effective length 
AB of the pendulum will remain constant. 

The rate at which a watch goes is regulated by a balance wheel which 
is a wheel with a heavy rim whose movement is checked by a hair 
spring so that it oscillates. As most of its weight is in the rim its 
time of oscillation depends on its radius, the longer the radius the longer^ 
being this time. Hence, if the temperature of the watch rises the 
expansion of the wheel increases its radius and so slows its oscillation 
and the watch loses time. To compensate for this the rim of the 
balance wheel may be made in separate sections as shown in Fig. 154 (a) 
A, each section being a compound bar with the more expansible metal 
on the outside. Then as the spokes lengthen through expansion the 
free ends of these sections will curl inwards as in Fig. 154 (a) B, in which 
the effect is exaggerated. This keeps the average distance of the par- 
ticles of the rim from the pivot 
constant and so maintains a con- 
stant time of oscillation. 

EigMmsion of Hollow Vessels 
A hollow vessel will expand 
by the same amount as a solid 
piece of the same substance of 
the same size as the vessel. This 
be seen from considering a 



Fig. 164 (a). 



Fig. 164. 
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rectangular block of metal and a box, with dimensions equal to those 
of the block, made of thin sheets of that metal. If the two are equally 
heated, the increases in length, breadth, and height will be the same for 
the two bodies, and therefore they will remain equal to one another in 
‘nrolume. Thus, calculations on the expansion of a hollow vessel may 
be made in the same way as for a solid body, using the coefficient of 
cubical expansion of its substance and the formula proved for cubical 
expansion may be used in such calculations. 

Change of Temperature and Density 

When a body is heated its volume increases but its mass remains 
constant. It follows that the density of the matter in the body 
decreases as the temperature rises. 

^ Now Mass = Density x Volume. 

But mass remains constant; 

/. Density at 2nd temperature X Volume at 2nd temperature 

= Density at 1st temperature X Volume at 1st temperature; 

Density at 2nd temperature _ Volume at 1st temperature 

‘ * Density at 1st temperature Volume at 2nd temperature 

If Di and Vj are written for the first values of density and volume 
respectively, and Dg and Vg for their second values, 

I), _ V, 

% 

Also, if c is tlic coefficient of cubical expansion of the substance, 
and t is the difference between the two temperatures, 

Vg = Vj (1 + ct) (coefficient formula); 

•• Di Vi(l+ct)’ •• Di 1+cf’ 1+rf 


V 


As a special case of this we may write 




i>o . 
i + H 


where D, is the density at t° C., and Do the density at 0® C. 
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Example. — Taking the density of copper to be 8*9 grm, per c.cm. aJL 
0° C7., what is its density at 20° C, ? 


Coefl&cient of cubical expansion = -000017 X 3. 
8*9 

1 +0OOOM7 X 3 X 20) I*®' 

8-9 


Density at 20° C. = 


1-00102 


= 8*89 grm. per c.cm. 


QUESTIONS ON CHAPTER XV 
Use the table of coefficients on page 177 where necessary. 

1. Calculate the lengths at 75° C. of rods of brass, iron, glass, and 
zinc, each of which is 1 m. long at 0° C. 

2. Calculate the total lengths of the gaps which must be left in a 
mile of iron rails, which are laid when the temperature is 40° F., to 
allow for a possible summer temperature of 100° F. 

3. Calculate coefficients of linear expansion for copper, iron, and 
zinc from the following data : — 


Metal 

Length of 
Rod 

Expansion 

1st Temp. 

2nd Temp. 

Copper 

85 cm. 

1-16 mm. 

20° C. 

100° c. 

Iron 

75 cm. 

0-68 mm. 

15° C. 

90° C. 

Zinc 

60 cm. 

1-38 ram. 

16° C. 

98° C. 


4. A surveyor uses an iron measuring rod which is correct at 
15° C. What will be the true length of a distance he measures as one 
mile when the temperature is 25° C., and what will be the percentage 
error in his measurement ? 

5. An iron window frame has spaces 20 in. by 12 in. for the panes 
of glass which are fitted tightly into the frame when the temperature 
is 5® C. How much smaller than its frame will a pane be (a) in length, 
(6) in width, (c) in area, when the temperature is 32° C. ? 

6. An iron rod and an aluminium rod are to be made so that ther 
jdjfierence between their lengths is always to be 1 yd. What length 
mM each be 1 
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7. A glass measuring flask, to measure 1 litre, is correctly marked 
when it is at 15° C. What number of cubic centimetres of liquid does 
it hold when filled to the mark at 25° C. ? 

8. An aluminium cylinder is 8 cm. long and 2 cm. in diameter at 
'^20° C. Find (a) its length, (b) the area of one end, (c) its volume when 

it is heated to 60° C. 

9. Define coefficient of linear expansion of a solid. 

In carrying out a measurement of this coefficient for brass the 
number 0'000018 was obtained when centimetres and degrees C. were 
used. What would have been the result if inches and degrees F. had 
been employed ? 

Describe two practical applications of the contraction of metals 
in cooling. [L.U. 

10. Explain what is meant by the coefficient of linear thermal 
expansion. 

Describe and explain the action of tvro contrivances when advant- 
ageous use is made of the difference between the values of this coefficient 
for two metals. [L.U. 

11. Describe how you would measure the coefficient of linear 
expansion for the material of a metal bar. 

Two metal bars, A and B, differ in length by 25 cm. whatever the 
change in temperature. If their coefficients of linear expansion are 
0'0000128 and 0*0000192 per ° C. respectively, calculate the actual 
lengths of A and B at 0° C. [L.U. 

12. A metal rod is exactly 1 metre long at 0° C, If the coefficient 
of linear expansion of the metal is 0*000020 per degree C., what is the 
temperature when the length of the rod has increased by 1 mm. ? 

How would you determine the coefficient of expansion of either a 
brass rod or a brass tube ? 

Explain one instance where the expansion of a solid due to a rise of 
temperature is a disadvantage, and one instance where use is made of it. 

[J.M.B. 

13. Explain why a piece of hot copper has a lower density than 
cold copper. 

What is the ratio of the densities of copper at 15° C. and 30° C. ? 



CHAPTER XVI 

EXPANSION OF LIQUIDS 

In the case of a liquid cubical expansion only can be dealt with 
because the linear and surface dimensions will change as the liquid ia 
poured from one vessel to another without change of temperature. 

Real and Apparent Expansion 

In the experiment to show the expansion of a liquid (page 163 ) the 
expansion and contraction of the containing vessel had to be considered 
in order to explain the observations made. This 
expansion of the containing vessel must always be 
taken into account when dealing with the expansion 
of the liquid. 

Suppose the flask in Fig. 155 is graduated in cubic 
centimetres along the neck. Let it be filled to the 
100 c.cm. mark. If it is heated until the liquid rises to 
the 101 c.cm. mark, it appears to have expanded by 
1 c.cm. In Reality it has expanded more than that, 
since the flask will also have expanded and its capacity 
up to the 101 mark is now more than 101 c.cm. Thus 
we distin p ^uish between the apparent expansion of the 
liquid, that is, the increase in volume which appears to 
h^e taken place no notice is talken ot the expansion 
of the containing vessel, and its real expansion, which 
is the actual increase in volume of the liquid. 
The actual volume of the liquid, after heating, in the albove case' 
would be: — 

101 c.cm. + the amount by which the flask expanded, and its real 
expansion would therefore be: 

1 c.cm. + the amount by which the flask expanded. 
hencCi we have the following relation: — 
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If we consider the case where the original volume is 1 c.cm. and the 
temperature is raised 1® C., the expressions in the above equation are, 
respectively, the coefficient of real expansion of the liquid, its coefficient 
of apparent expansion, and the coefficient of cubical expansion of the 
substance of the containing vessel. Therefore : — 

Coefficient of real expansion = Coefficient of apparent expansion 

+ Coefficient of cubical expansion of the substance of the vessel. 

Coefficients of Apparent Expansion 

These are frequently determined by the “ weight thermometer ” 
method. A small density bottle forms a convenient vessel for the 
experiment. Weigh the dry, empty bottle. Fill it from a beaker of 
the liquid which has been standing for some time 
in the laboratory so that it will be at air tempera- 
ture. Take the temperature of the Jic^uid in the 
beaker. Weigh again to find the weight of liquid 
in the bottle. Suspend the bottle in a beaker of 
water *so that it is covered to the neck without 
touching the bottom or side of the beaker. 

Carefully warm the water, keeping it well stirred. 

Fix a thermometer in the water with its bulb 
level with the middle of the bottle. When it 
shows a suitable rise of temperature, adjust the 
fiame to maintain that temperature until all the 
liquid is likely to have attained it. Then remove 
the bottle and allow it to cool. During the heating 
some of the liquid will have been expelled owing to its expansion. 
When it is cool weigh the bottle again to find the weight of liquid 
remaining. 

Suppose that there were (x + y) grm. of liquid in the bottle originally, 
X grm. of which remained so that y grm. were expelled (Fig. 156). 
Regard the space occupied by 1 grm. of the liquid when cold as 1 
unit of volume. Then there are (x + y) such units of volume in the 
whole bottle. The x grm. which remained would fill x of these units 
when it was at the first temperature, but occupied the whole (x y) 
units at the higher temperature. Therefore x volumes expanded by 

y volumes so that its fractional expansion was equal to and the 
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coefficient of expansion was — — ; — — . That is, 

^ a; X Rise in temperature 

^ . X * Weight expelled 

Coefficient of expansion = Tn ^ - z — • 

^ Weight remaining x Rise m temperature 

Account has not been taken in the above reasoning of the expansion 
of the bottle, so it is the coefficient of apparent expansion of the liquid 
in glass which is obtained by this method. The following are the 
results of an experiment with aniline oil : — 

Weight of bottle = 18-67 grm. 

Weight of bottle and oil at first temperature = 68*55 grm. 

Weight of bottle and oil after heating = 66*50 grm. ; 

/. Wt. of oil remaining = 47*83 grm. ; Wt. of oil expelled = 2*05 grm. 

1st temp. = 31° C.; 2nd temp. = 78° C.; Rise in temp. = 47° C.; 

2*05 

/. Coefficient of apparent expansion ~ Jy.g3 ^ ~ 0*00092. 

Determination of Coefficients of Beal Expansion. Simple Methods 

(1) By Weight Thermometer. — ^Pind the coefficient of apparent expansion 
using a weight thermometer made of material whose coefficient of cubical 
expansion is known. Then caltulate the coefficient of real expansion from the 
relation given on page 182. 

(2) By Constant Volume Dilatometer. — Tlie coefficient of cubical 
expansion of mercury is seven times as big as the coefficient of cubical 
expansion of glass, so that any volume of mercury will expand as 
much as seven times its volume of glass when the two are equally 
heated. 

The constant volume dilatometer consists of a glass bulb (Pig. 167) 
one-seventh of which is filled with mercury, connected to a narrow tube. 
The part of the bulb above the mercury will have a volume which is 
constant at all temperatures as the expansion of the mercury will just 
fill the extra space made by the expansion of the bulb. Along the 
tube is a scale graduated to give readings of volumes above the mer- 
cury. The remainder of the bulb and part of the tube are filled with 
the liquid whose expansion is to be measured The bulb is immersed 
in a vessel of Avater, and readings of tlie temperature of the bath and 
the volume of the liquid are taken. The bath is heated, the water in it 
well stirred, and further temperature and volume readings are taken. 
157. Since the expansion of the mercury compensates for the expansion of 
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the bulb, the coefficient of real expansion of the liquid may be calculated directly 
from the readings, it being equal to 

Increase in volume 


Original volume X Bise in temperature 


Dulong and Petit’s Method for Coefficient of Beal Expansion 

• Dulong and Petit’s method for the direct determination of the 
coefficient of real expansion of a liquid is based on the change of density 
with temperature and the 

relation between balancing y || y 

columns of liquids. The ^ E 

liquid is contained in a 

continuous tube bent into 

the form shown in Fig. 158. steam^^^jn I 

The two vertical portions are : ! ^ if; 

surrounded by wider tubes I I 

with inlets and outlets. The ; ; 

upper . portions of the two ; ; 

limbs are brought near 

tog(‘ther and backed by a ; * . ' 

scale so that the lev(ds of ; I 

the two liquid surfaces may ; ; 

readily be compared. I 

Steam is passed into the ; 

jacket around the left-hand ; 

limb, and water cooled with : " If I 

ice into that round the right- ; l|j J L U ; 

hand limb. Thus, the liquid j ~~ ~ 7 i 

in the left-hand limb is j ' 

heated to 100® C. and that ^ — icTcoLD w ater 

on the right cooled to 0® C, 

Owing to this difference in 

temperature, the liquid on the left will be less dense than that on the 
right, and so the left-hand column will have a greater height than the 
right-hand one to maintain balance. When the two liquid surfaces 
have attained steady levels, the difference between their levels is 
/ead and the height of the cold column, Aj, is measured. Since the 
columns of liquid balance:— 


Fro. 158. 
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Height of cold column ^ Density of hot column (Djoo) 
Height of hot column (h^) Density of cold column (D^j 


As shown on page 183, Dioo — 
of expansion of the liquid; 


_?o_ 

1 + lOOa' 


where a is the coefficient 


r+ lOOa D^ iT 1^*’ 


/. + lOOaAi = Ag, i.e. lOOa^i = ^2 ^i5 

• fl = 

100^1 

So the coefficient of expansion may be calculated from the relation: — 


Coefficient = 


Difference in heights 

Height of cold column x Difference in temperature 


This expression has been derived entirely from the pressures of the 
two columns which depend on their heights and ^densities only,, so the 
result is not affected by the expansion of the tube, and the method 
gives the coefficient of real expansion. 


Expansion of Water 

It has been assumed in the foregoing that the expansion of a liquid 
is regular, that is, that the expansion per degree of a given mass of 
liquid is the same at all points on the temperature scale. This is not 
quite correct. If the expansion of a mass of liquid between 10° C. and 
50° C. is compared with that between 50° C. and 90° C., the two values 
wiU probably be found to differ slightly though in many cases the 
variations are very small indeed, and approximately accurate calcula- 
tions may be made by using •mean coej^ients which give the average 
increase per degree over a wide range of temperature. The importance 
of using a liquid with a regular expansion in a thermometer has akeady 
been mentioned. 

Water shows very great irregularities in its expansion as its 
IMaperature rises. To show this, the behaviour of water when cooled 
;in a constant volume dilatometer may be observed. The dilatometer 
is placed in a water-bath at about 25° C. The bath is kept well 
^i||t&ced and gradually cools. The volume of the water in the dilatometer 
at vaiious temperatures is noted. When the bath has cooled to air 
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temperature, it may be further cooled by the addition of ice, so that 
the observations may be continued until the water is at 0® C. 

It will be found that equal falls of temperature cause smaller 
contractions as the temperature 
becomes lower, and that after cooling 
to 4 ° C., further cooling causes the 
water to expand instead of continuing 
to contract, so that at 0^ 0. the 
volume is approximately equal to that 
registered at 10° C. If the results arc 
l)lottod into a graph tlie curve will ^ 
be as shown in Fig. 159. 3 

From this it follows that a riven > 
mass of water 

feercfgre .. ite ..geatest 
density, at 4^ Water at this tem- 
perature of its niaximiiin density is 
referred to in defining the gramme. 

Changes of density cause import- 
ant movements in water as it cools 
to its freezing point. These may be illustrated by means of Hope’s 
apparatus, which is illustrated in Fig. 160. It consists of a tall metal 
cylinder 'with a circular trough around it about half-way up its height, 

and o})enings for thermometers near the 
top and bottom. The cylinder is filled 
with water, ice is packed into the 
trough, and from time to time simultane- 
ous readings of the two thermometers 
are taken. 

At first it will bo found that the 
up[)er thermometer reading remains 
steady, while that of the lower ther- 
mometer falls rapidly. As the lower 
reading approaches 4° C. the upper one 
begins to fall. When the lower one 
becomes 4° C., it becomes steady, and 
►‘the upper one continues to fall until it too reads 4° C., showing that 
the water is at that temperature from top to bottom. During sub- 
sequent cooling the upper thermometer will fall slowdy to 0° C. while 




Fig. 359. 
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the lower one still gives a reading of 4® C. These observations may be 
illustrated graphically as in Fig. 161. 

Evidently, in the early stages the cooled water, because it has 
contracted and become more dense, sinks to the bottom. But, when 
the bottom layer is at 4® C., it has its maximum density, so that neither' 
warmer nor cooler water will displace it. As more water is cooled to 
4® C. it sinks until it rests on the first layer, and this continues until all 
the water is at that temperature. Further cooling of the water at 4® C. 
in the middle will make it expand and become less dense, so that it 
floats up through the denser water above it causing the reading of the 
upper thermometer to fall while that of the lower one remains 4° C. 

These effects are of considerable importance in Nature. During 

the winter the water of 
ponds and lakes loses 
heat from the surface 
layers. As these cool they 
will sink, but when a 
layer at 4® 0. has sunk 
to the bottom, further 
layers at that tempera- 
ture will only sink until 
they rest on it, and gradu- 
ally the whole mass of 
water will be cooled to 
4° C. As the surface 
layer cools still more it 
will float on the water at 4® C. below it. When it reaches 0® C. it will 
begin to freeze, and as there is a further expansion when water at 
0® C. turns to ice, the ice will be less dense than the surface water, and 
so remain floating. Thus, the water at the bottom of a pond seldom 
falls below 4"" C., and very severe and prolonged frost is required to 
freeze a pond solid. 

If it were not for the expansion of water as it cools from 4® C. and 
freezes, ponds would freeze from the bottom upwards, and probably 
all life in them would be destroyed every time they froze. Also the 
Ice would melt much more slowly in the summer, as the heat would 
have to penetrate the water to get to the ice. This would result in" 
large ehpeets of water having a very great cooling effect on the climate 
of sri^^nding districts. 



TIME 

Fig. 161 . 
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Thermostats 

A thermostat is a device for regulating 
the heating of an enclosure so that it is 
kept at a constant temperature. The 
^ven regulator described on page 181 is 
a form of thermostat. In laboratories 
thermostats based on the expansion of 
liquids are frequently used to keep large 
tanks of water at constant temperature. 
The gas supplying the burner heating the 
tank passes through B [Fig. 161 (a)], as 
indicated by the arrows. A is filled with 
a liquid, such as toluene, with a fairly 
large coefficient of expansion and is 
immersed in the tank. As the tempera- 
ture rises the liquid in A expands and 
forces mercury up into B and, at a certain 
temperature, the end of the tube through 
which gas enters B will be closed by the 



Fia. 161 (a). 


mercury and the flow of gas will be stopped. A small amount of gas 
will still flow through the narrow by-pass, C, and keep the burners 
alight. If the temperature falls, contraction of the liquid will allow 
the gas to flow freely once more. 


QUESTIONS ON CHAPTER XVI 

Coefficients of Expansion of Liquids (Heal).— Alcohol, -00104. Paraffin, 
•00090. Glycerine, *000486. Turpentine, *00090. Mercury, -000182. 

1 . Distinguish between the real and apparent expansion of a liquid 
and explain the relation between them. 

2. Describe how you would determine the coefficient of apparent 
expansion of turpentine in glass by experiment. 

Calculate that coefficient from the values of the real coefficient of 
expansion of turpentine and the coefficient of linear expansion of glass. 

3. A specific gravity bottle weighed 15-36 grm. when empty and 
^41'37 grm. when filled withturp^tineat 20® C. When it had been 

heated to 70® C. and cooled again it weighed 40-28 grm. Calculate the 
coefficient of apparent expansion of turpentine. 
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From tlie value you obtain and the coefficient of real expansion of 
turpentine, calculate the coefficient of linear expansion of the glass of 
which the bottle is made. 

4. Describe a method for determining the coefficient of real 
expansion of a liquid. 

A column of mercury at 100° C. is balanced by a column at 0° C. 
The respective heights are 76*35 cm. and 75 cm. Calculate tlie coeffi- 
cient of real expansion of mercury. 

5. Design (a) an automatic fire alarm, (6) a gas regulator for 
keeping a water bath at a constant temperature, in both cases utilising 
the expansion of a liquid. 

6. The mean coefficient of expansion of water between 4° C. and 
20° C. is 0*00015. Calculate the weight of 1 litre of water at 20° C. 

7. The bulb of a thermometer contains 0*45 c.cm. of mercury. 
What must be the area of cross-s(‘ction of the bore of the tube in order 
that the degree graduations may be 2 mm. apart. Coefficient of 
apparent expansion of mercury in glass i.s 0*000155. 

8. A quartz bulb, with negligible expansion, is loaded until it just 
sinks in water at its freezing point. Describe what will happen to it 
as the water is gradually warmed to 20° C. 

9. Define the terms mass, volume, and deiisUy, 

A pipette is marked “ 25 c.cm., 15 deg. C.'' What does this mean ? 
Explain carefully how you would test its accuracy. fIj.U. 



CHAPTER XVII 

EXPANSION OP GASES 




The section of Chapter XI which deals with Boyle’s Law should be 
studied or revised before proceeding with this chapter. 

Tbermal Expansion of a Gas 

The simple experiments in Chapter XIV. show that gases expand 
very much more than either solids or liquids, and that equal volumes 
of different gases expand equally when equally heated. The work on 
Boyle’s Law shows that the volume of a mass of gas can be altered by 
changing its pressure as well as by changing its temperature. 

From these observations we may make the following deductions: — 

(1) Except for purposes of very accurate work we need not dis- 
tinguish between the real and apparent expansion of a gas. The 

r *' expansion of a gas will be so much greater than that of the containing 
vessel that the latter is negligible in comparison writh the former. 

(2) All gases w'ill have the same coefficient of expansion. 

(3) In determining the coefficient of thermal expansion of a gas, all 
measurements should be made with the gas at a constant pressure. 

A further point arises from the great expansion of a gas. A 
coefficient of cubical expansion has been defined as the ratio 

Increase in volume , . . 

■Original volume ■ ^ temperature. 

In connexion with solids and liquids we did not state at what tempera- 
ture the original volume should be measured. The value found for the 
coefficient will depend on that temperature since, for instance, the 
volume of a body at 20® C. will be greater than that at 10® C., so that 
a bigger denominator for the fraction will be obtained if original volume 
is measured at the former temperature instead of at the latter one. 
^n the case of solids and liquids, the expansion is so small compared 
with the whole volume that no appreciable difference is made to the 
results by taking original volumes at different temperatures. In the 
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case of gases, however, the expansion is so great that a coefficient 
based on an original volume at 20"^ C. would be appreciably different 
from one based on a volume at 10^ C., and coefficients must always 
be related to an original volume at some standard temperature. It is 
convenient to take 0^ C. as the standard temperature, so that the" 
coefficient of expansion of a gas is defined as: — 

Increase in volume - • . ^ 

^ . . , , per degree rise in temperature. 

Original volume at 0® C. ^ ® ^ 

Charles’ Law 

A measurement of the coefficient of expansion of air may be made 
as follows. A uniform tube, about 50 cm. long and 
1 mm. in bore, is sealed at one end after a short 
pellet of mercury has been drawn to about its mid- 
point (Fig. 162). Thus a quantity of air is enclosed 
between the pellet and the closed end. This tube is 
tied to a half-metre scale and supported with its open 
end upwards in a deep vessel of water. A thermometer 
is placed in the water near the tube. Since the tube 
is uniform, each centimetre of it may be considered to 
contain one unit of volume, and measurements of the 
distance from the closed end to the lower end of the 
mercury pellet may be taken as measurements of 
the volume of the enclosed air. 

The water in the vessel is cooled with ice until 
the thermometer registers 0° C., and a measurement 
of the volume of the enclosed air is then taken from 
the scale. The water is then heated, either by passing in steam or 
by means of an electrical immersion heater, and kept well stirred until 
the thermometer registers a steady temperature, and the peUet, which 
has moved upwards owing to the expansion of the enclosed air, 
remains stationary. Thermometer and scale readings are then taken 
again. The measurements have been taken with the enclosed air at 
constant pressure, as the pressure throughout the experiment has 
been that of the atmosphere plus that of the pellet of mercury. The 
results may be dealt with as follows: — 

^ Ist temperature, 0® C. 2nd temperature, 99*5® C. 

1st volume UUitSf 2nd volume, 36*0 units. 



EXPANSION OF OASES 


197 


Thus a volume of 26*5 units at 0^ C. expands by 9*5 units when 
hcfated through 99*5® C.; 

9*5 

/. CoefiEcient of expansion =* = -OOSG. 

2d*o X yy*o 

fA 

% Accurate measurements give a value equal to (about 0*00366). 
ixhis value was first announced by a Frenchman named Charles, who 
f stated the law that the vQlmni > of a. firA d mass of gas at constant Pressure 
f increases bv of its volume at Q® C. for e ach decree Gentiir raii e its 


' increases by imr 
femperaijire riaes.- 


coBStaatittWBnre 
ree CSentieiade its 


temperature in degrees centigrade 
Fig. 163. 


Absolute Temperature ^ 

Using Charles’ Coefficient, calculations on the expansion of gases 
may be made in the usual way if the volume at 0° C. is given, but as 
this is not always known, it 

is convenient to deal with so- 

them in another way. 4 o. ^ ^ 

If, in the experiment 
on page 196, a number of 

readings at intermediate d 

temperatures are taken, and lo- 5 

volumes plotted against teni- - , 

peratures, a straight line will ' 'Temperature in degrees ciNTicRAoe" 
be obtained as in Fig. 163. yiq . 163. 

This shows that the ex- 
pansion is regular. If the line of the graph is produced to the left, i1 
cuts the temperature axis at — 273® C. It follows from this that th< 
volume is proportional to the number of degrees the temperature h 
above — 273® C. For example: — 

Volume at 20® C. _ 20 + 273 
Volume at 60® C. 60 + 273 

If, then, the temperature axis is numbered from sero at — 273® C. 
as shown in Fig. 164, the volume will be directly proportional to the 
temperature on the scale so obtained for — 

RS _ OR _ 373 
PQ ■“ OP ““ '233 

From the graph it appears that the volume of the mass of gai 
would become zero at 27 3® C. This does not really happen as the 
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gas would liquefy before 
rescbiug so low a tempera- 
ture, and the gas coefficient 
: would then no longer apply 

i \ to it. But, because theoreti-* 
j caDy the volume becomes 

pi I". ■ ■ temperature, 

■ '.-Smc-^oc, h ' - 273*’ C. is oaUed the 

TEMPERATURE absoluto zcTO of tempciature, 

Fio. 164. and the scale counting from 

it as zero is called theubsolute 
scale of temperature. Using this scale, Charles’ Law may be stated in 
the form thalfthe volume of a fixed mass of eas at constant 
is directi 
written: 


Fig. 164. 




This may 


New volume ^ New absolute temperature 
Old volume Old absolute temperature * 

__ , ^1 n , New absolute temp. 

/. New volume == Old volume x ah", — i t 7 “ ”• 

Old absolute temp. 

Examples. — (1) A mass of gas measures 200 c.cm, at 17® C. What 
will be its volume If it is heated io 92® C., its pressure remaining unaltered? 

17® C. = (17 + 273)® Abs. =- 290® Abs. 

92® C. = (92 + 273)® Abs. = 365® Abs.; 

. . New volume = ~ 252 c.cm. (approx.). 


N.B. — ^Tonujcratures must be converted to the absolute sralo before working 
out the volume. As in Boyle’s Law calculations, tlio multiplying ratio is got 
right way up by considering whether the change makers the new volume greater 
or less than the old one. 


(2) A mass of gas measures 250 cub, in, when its temperature is 27® 0. 
What is its temperature when its vtdume is 180 cuh, in. at the same 
pressure as before? 

27® C. =-. (27 + 273)® Abs. = 300® Abh.; 

New absdule t(;tii|M‘rature = = 216 decs.; 

4 aOU 

New temperature == (216 — 273)“ 0. = — 67® C. 
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Simultaneous Changes of Temperature and Pressure . 

Both Boyle’s Law and Charles’ Law are satisfied by the relation — 
New volume X New pressure Old volume X Old pressure 
New absolute temperature ”” Old absolute temperature 
which may be expressed in symbols thus: — 

T, T, • 

If the temperature is constant, that is Tg = T^, the equation gives 
V 2 P 2 = ViPj, which is in agreement with Boyle’s Law; and if the 

V V 

pressure is constant, that is Pj = - P^ it gives - ® which agrees 

I2 Ii 

with Charles’ Law. Thus the equation may be taken to express the 
relation between the initial and final state of a mass of gas after any 
change of temperature or pressure or ot both. Therefore we have as a 
general relation for a mass of gas, 

PV 

~R or PV-RT, 


where P is the pressure when the volume i.s V and the absolute tempera- 
bare is T. R is a constant for the particruLir mass of gas considered. 
Gram -molecular quantities of all gases give the same value of R, and 
that particular value is known as the gas constant, and the equation 
PV -- RT is often referred to as the general gas equation. This 
relation will enable us to solve problems on the change of volume of a 
mass of gas when pressure and temperature change at the same timov 
From the equation V 2 P 2 . we can write — 

V -^V,P, T2_V,PJ2 

^ Pj PgTi * 


This may be written in words as follows:— 

Old volume x Old pressure X New abs. temperature 


New volume 


New pressure x Old abs. ttunperatiire 


Example.—^ mass of gas measures 250 c,cm. when at 02 C\ ami 
80 cm* pressure. What would be its volume uthen at 17 C. and 75 cm, 
^ pressure ? 

62° C. = (62 + 273)° abs. = 335° abs. 
ir C. = (17 273)° aba. = 290° abs. 
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New volume = 


250 X 80 X 290 
75 X 335 


= 231 c,cm. (approx.). 


Note. — ^In writing down the expression consider the pressures first. Change 
from 80 om. to 75 cm. would increase the volume, so multiply by Then take 
the temperatures. Change from 62° C. to 17°C. would decrease the volume, sd 
multiply by ||g. 


Chemists frequently wish to compare the gas measurements of one 
man with those of another. Direct comparison would be useless if 
the measurements were made under different temperature and pressure 
conditions, so it is usual for chemists to calculate from their actual 
measurements the volume that the gas would occupy under standard 
conditions which are 0° C. and 76 cm. pressure. These conditions are 
frequently represented by S.T.P. (standard temperature and pressure) 
or N.T.P. (normal temperature and pressure). 


Example. — A gramme of metal liberated 953 c.cm. of hydrogen 
measured at 20° C. and 80 cm, pressure. Calculate the. volume it toould 
occupy at S.T,P, 

20° C. (273 + 20) ’ abs. --- 293" abs. 

0° C. = 273° abs. 


New volume ~ 


953 x_80 X 273 
' ' 70 X 293 


935 c.em. 


Change of Pressure at Constant Volume 

If a gas is heated under conditions which prevent its expansion, for 
instance in a closed vessel, its tendency to expand will cause it to 
exert an increased pressure. The general expresdon for the gas laws 
will give us the relation between temperature and pressure in that case. 
From 

V,P, ^ ViP, 

T, T, ’ 

we have, if volume is constant, that is if Vj = Vj : — 



that is, there is just th»*. same relation between pressure and temperature 
at constant volume as between volume and temperature at constant 
garessure, or the pressure of a fixed mass of gas at volume is 
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The increase in pressure of air and other gases when heated at 
constant volume was thoroughly investigated, and the law first 
established, by Regnault: his apparatus worked on the same principle 
as that dealt with below. 

The law may be verified by means of the apparatus shown in Fig. 165, 
The bulb A contains air and is connected by capillary tubing, E, to a 
wider tube which in turn is connected by a considerable length of rubber 
tubing to another vertical tube. 

The air in A is enclosed by mer- 
cury, as shown. A fixed level B 
is marked on the wider tube. In 
the diagram it is marked by a 
point projecting into the tube. 

A is immersed in water in a 
large vessel into which a thermo- 
meter also dips. The water is well 
stirred, and when movement of the 
mercury ceases, showing that the 
air in A is at the temperature of 
^the water, the right-hand tube is 
raised or lowered until the left- 
hand mercury surface is just at 
the level B. Tlie difference, /^, 
between the heights of the two 
mercury surfaces is then measured 
and a reading of the thermometer 
is taken. The water is then heated 
to a new temperature, the mercury 
surface again adjusted to B, and 
readings are taken as before. This 
is repeated for a number of 
temperatures. A reading of the 
atmospheric pressure is also taken from the barometer. 

Since the mercury surface was always adjusted to B before readings 
were taken, they have all been taken with the air in A at a constant 
volume. Also in each case the pressure supported by the air in A 
would be equal to atmospheric pressure plus the measured mercury 
column h. Hence the results may be tabulated as follows; — 

Height of Barometer (A) = 76*5 cm. 
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Diffebengb in 

Total Press. 

C. Temp. 

Abs. Temp. 

Total Press. 

Mbrcuby Levels (^) 

(A -f- h) 

(0 

{t + 273) 

Absolute Temp. 

2*5 cm. 

79 cm. 

20® 

293° 

293 

4*2 cm. 

80*7 cm. 

27® 

300® 


6*7 cm. 

83*2 cm. 

35® 

308® 


10*5 cm. 

87*0 cm. 

48® 

321® 

321 

J4*7 cm. 

91*2 cm. 

66® 

339® 

91*2 


Approximately constant values are obtained for the ratio in the 
last column, thus verifying the relation. 

Alternatively, if a reading at 0° C. is taken, a coefficient of pressure 

, , , _ - Increase in pressure 

can be calculated from ; 77 . 0 “/^*' “-^ 7 — 

Original pressure at 0 C. X Rise m temperature 

This should give a value equal to Charles^ Coefficient. 


Air Thermometers 

If the gas laws are assumed either the constant pressure apparatus 
of Fig. 162 or the constant volume apparatus of Fig. 165, without the 
mercury thermometers, may be used for measuring temperatures. 
The processes are as described in the experiments on pages 196 and 201, 
A fixed scale cannot be marked on these thermometers as their readings 
at a given temperature depend on atmospheric pressure. Therefore a 
preliminary set of readings at a known temperature must first be made. 
This is usually done by immersion in water which has been cooled to 
0® C. by adding ice until some remains unmelted after well stirring. 
A set of readings are then taken at the temperature it is desired to 
measure. 

Examples. — (1) A constant pressure air thermometer gave a reading 
units of volume when in ice-cold water, and of 67*0 units when 
tp^mersed in a boiling liguid. Calculate the boiling point of the liquid, 

^ . 0° C. = 273® abs. 

^ V fi7 

, New absolute temperature = ^ — = 385 degrees; 
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(2) Wiih a constant volume air thermometer in ice-cold water the 
mercury surface in the open tube was 3*2 cm. hdow that in the tube connected 
to the bulb. When the bulb was placed in an oven the mercury in the open 
tube had to be raised to 92*7 cm. above the other surface to maintain the 
^'olume of air constant. The barofneter stood at 77*7 cm. What was the 
temperature of the oven? 

1st pressure = 77*7 — 3*2 cm. = 74*5 cm. 

2nd pressure = 77*7 + 92*7 cm. = 170*4 cm. 

0° C. = 273‘^Abs.; 


XT X w X ^ 273 X 170*4 , 

New absolute temperature = = 624 degs. ; 

/. Temperature of oven = (624 — 273)® C. = 351® C. 


Air thermometers have the following advantages: — 

(1) They are very sensitive owing to the large coefficient of expansion 
of air. 

(2) The expansion of air is very regular. 

(3) They can be used over a wide range of temperatures. 

Their disadvantages are: — 

(1) They are large and not suitable for taking temperatures of small 
enclosures or small volumes of liquids, etc. 

(2) They cannot be permanently graduated to give direct readings 
of temperatures and their use involves making a preliminary experiment 
as a known temperature each time they are used, and a calculation to 
give the required temperature. 

Owing to these disadvantages they are only used when extremely 
accurate temperature measurements are required. Ordinary thermo- 
meterd are often tested for errors in their scales by comparison with 
air thermometers. 


QUESTIONS ON CHAPTER XVII 

1. State three important facts relating to the expansion of gases. 
What are the chief advantages and disadvantages of air as a 

thermometric substance ? [L.U. 

2. State Charles’ Law and describe an experiment to verify it. 
Explain how Charles’ Law leads to the idea of an absolute zero of 

temperature. 
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3. State Boyle’s Law and Charles’ Law, and show that the equation 
^ = a constant expresses both laws. 


4. Calculate the missing numbers in the following table, assuming 
that pressure is constant in each case. 


1st Volume 

1st Temp. 

j 

2nd Vol. 

2nd Temp. 

200 c.cm. 

20° C. 


75° C. 

60 cub. in. 

- 13° C. 


20° C. 

1 litre 

90° C. 


0° C. 

250 c.cm. 

17° C. 

300 c.cm. 


325 c.cm. 

72° 0. 

125 c.cm. 


10 cub. ft. 

30° C. 

25 cub. ft. 



5. Calculate the missing numbers in the following table, assuming 
volume to remain constant in each case : — 


1st Temp. 

1st Pressure 



2nd Temp. 

2nd Pressure 

27° C. 

75 cm. 

92° C. 


91° C. 

25 lb. per sq. in. 

0°(l. 


26° C. 


- 13° C. 





95 cm. 


112 cm. 


70 cm. 


6. Calculate the missing numbers in the following table: — 


1st Vol. 1 

1st Temp. 

1st Press. 

2nd Vol. 

2nd Temp. 

j 2nd Press. 

5 litres 

1.3" C. 

80 cm. 


O'C. 

76 cm. 

205 cub. in. 

0" C. 

76 cm. 


78° C. 

82 cm. 

326 e.cm. 

26° C. 

92 cm. 

425 c.cm. 

65° C. 


400 c.cm. 

98° C. 

104 cm. 

200 c.cm. 


78 cm. 


7. A mass of gas is collected over mercury when the barometer 
reads 82 cm, and air temperature is 18^ C. The gas measures 152 c.cm* 
and the mercury stands 2*5 cm. higher in the tube containing the gas^ 
Aaft in the trough in which it is inverted. Calculate the volume 
wi^ would be occupied by the gas at 8.T.P. 
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8. A motor tyre is inflated to a pressure of 24 lb. per sq. in. when 
the air temperature is 68° P. What will be the pressure in it if the 
temperature rises to 95° P. 1 Assume that the volume of the tyre does 
^ot change. 

9. 100 litres of oxygen at atmospheric pressure and at 18° C. are 
compressed into a cylinder whose internal capacity is 10 litres. What 
will be the pressure inside the cylinder ? 

The cylinder is guaranteed to withstand a pressure of 200 lb. per 
sq. in. At what temperature would there be a danger of it bursting ? 

Take atmospheric pressure as 15 lb. per sq, in. 

10. Describe in detail the measurement of the boiling point of a 
liquid with either a constant volume or a constant pressure air ther* 
mometer. Explain how the temperature would be calculated from 
your measurements. 

11. Define the coefficient of expansion of a gas when the pressure 
upon it is kept constant. 

Describe how this coefficient can be measured experimentally, 
showing how the result is calculated from the observations taken. [L.U. 

12. Define the coefficient of increase of pressure of a gas al constant 

volume, and describe an experimental method of determining the value 
of this coefficient. [L.U. 

^ 13. Explain fully what is meant by the statement that “ the 

coefficient of expansion of a gas at constant pressure is per degree C. 
Describe how you would verify this statement experimentally for air. 

A mass of air occupies 145 c.cm. at 17° C. and atmospheric pressure. 
Calculate its volume (a) when heated to 100° C., (6) when cooled to 
^ 10° C., the pressure remaining the same in both cases. [J.M.B. 



CHAPTER XVin 

TRANSFERENCE OF HEAT 

Powerful engines burn up large quantities of fuel to provide the 
heat necessary for their working. To avoid waste of fuel it is important 
to ensure that as much as possible of the heat is directed to the places 
where it will be useful. On the other hand in the engine of a motor 
car, a good deal of heat which cannot be used is generated, and to 
prevent overheating it must be got rid of as quickly as possible. 
These examples illustrate the importance of a knowledge of the ways 
in which heat may be transferred from one place to another. 

There’ aye three ways of doing this. 


^Ckmduction 

Coat a stout piece of copper wire, about a foo^ long, with paraffin- 
wax, and place one end in a Bunsen flame. Observe that the wax 
quickly melts near the flame, and gradually melts further and further 
along the wire. It appears as though the heat flows along the wire 
from the heated end. In solids the molecules are very near t ogether 
so that those which are directly heated by the flame can^pass on some 
of thei r hea t to their neighbours, which in turn can pass some on to 
the nexFlayef, an d so on. Heat tra nsfe rred in this way is said to l)e 
"aTong TEe body^ ^ 


Convection 


If a hand is held some distance above a lighted Bunsen burner a 
much greater heating effect is felt than when it is held at an equal 
distance from the side of the flame. This indicates that the heat is not 
readily conducted by the air, for in that case we should expect it to 
be conducted equally in all directions from the flame. 

If a wide* glass tube is placed around the Bunsen flame and a piece 
of smouldering paper is held near its lower end, smoke from the paper 
ijffll be seen to be drawn into the lower end of the tube and rise up it, ' 
upward flow of hot air will be felt by a hand placed above the 
This ih^utes that heat from the burner is transferred through 
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the -air by 
the flame. 


le heated particles of air themselves movi^ upwards &om 

moveroentaAroD 


tue namey H wuen neat is transterrea by moveroentaAom one place to 
anothei;/of the heated particles jfeonvecpon is said to take placeVj 

Radiation 


When an electric fire is switched on, heat from it can be felt at a 
considerable distance in front of it. We have seen that heat is no*| 
appreciably conducted by air and that it travels upwards by convec- 
tion, so in this case the heat must be transferred by some other method. 

On a cool day, while you may feel w^arm when sitting in front <rf 
such a fire, immediately it is switched off you find that the air around 
you is cool, so the fire has a heating effect on your body without 
heating the air in between. The same thing may be noted on a sunny 
spring day. Your body is warmed by the sun but immediately a 
cloud obscures the sun you find that it has not warmed the air around 
you. Iwhcn a hot body has a heatinj^ effect on other bodies ^itbout 
heating the interveninp mediiim^adiation is said to take placey . 

In connexion with tlie heating of the earth by the sun, it may be ‘ 
noted that the action takes place through millions of miles of vacuum 
Ij^’here, since there are n(^ particles, transmission by either conduction 
or convection is impossible. 

Later it will be shown that, in radiation, the source of heat emits 
energy which is transmitted as a wave motion and which is transformed 
again into heat when the weaves fall on other bodies. 


Conductivity of Solids 

Obtain a number of wires of equal diameters but of different^ 
substances. Twist them together at one end and spread them out 
fanwise, as shown in Fig. 166. Pass the free ends through a cardboard 
acieen and support them on a sheet of heat-sensitive paper. This is 
paper which has been soaked with a solution of cobalt chloride so -that 
when heated it will turn green. 

Place a lighted Bunsen burner below the twisted ends, and after a 
time examine the paper. Green marks will be found to have been made 
various lengths under the different wires, showing that heat is 
'Conducted more readily through some substances than through others. 
Note that the Cardboard screen prevents direct heating of the paper by 
radiation from the flame. 
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It will be found that the paper is marked for a distance of several 
inches by metal wires, but if a glass rod is tested, the paper will hardly 
^ marked even when the end of the rod in the flame is melting. 



feimalflr PvpftrimP^f.R will shayff g enerally tha t. are 

and non-metals 'poor condiictorsA Metals vary in their conductivities as 
slibwn by different lengths on the paper being marked by different 
metal wires. The best conductors are silver, copper, and gold, in that 

order. Other common metals have con- 
ductivities in the order aluminium, zinc, 
platinum, iron, tin, lead. 


Conductivity of Liquids and Gases 

fLiguids and gases are usually bad con- 
ductors. To test them for conductivity 
nyp. havft to flp d if heat W ^n travfil dnwq. 
wards through them, for it will travel 
upwards by convection, 

A piece ot^ wire gauze is wrapped round 
a piece of ice to weight it, so that it will 
sink to the bottom of a test-tube ol 
water. The tube is then heated as shown 
in Fig. 167. The ice still remains unmelted 
Water is a Bad Conductoe. ®ven when the water at the top of the 

tube boils. Evidently very little heat is 
, through the water to the ice, 

, 'A liquid which does conduct heat well is mercury, which is a liquid 
This can be shown bv meltinv a litilp vav 
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long tube, closed at one end, and allowing it to solidify again. The 
tube is then filled up with mercury and heated near the top. The wax 
quickly melts. 

That air is a bad conductor may be shown by 
^covering one hand with coarsely broken chalk, which 
will contain much air between the chalk particles, and 
the other with finely powdered chalk, which will con- 
tain little air. If a hot metal ball is placed on each 
hand in turn, the heat will be felt much more through 
the finely powdered chalk than through the coarse 
particles. 

The Process of Convection 

Place some water in a flask and drop a few pieces 
of solid litmus to the bottom of it (Fig. 168). Heat 
it with a small flame. Streaks of colour will be seen 
to travel in the direction indicated by the arrows. 

Divide a tall, wide jar into two compartments by inserting a strip 
of cardboard which does not quite reach the bottom. Lower a lighted 
candle fixed to a piece of wire down one side, 
and hold a smouldering piece of paper above the 
other side. Smoke from the paper will be seen 
to travel through the jar, as indicated in Fig. 169. 

The two experiments are similarly explained. 
The heated portions of the water or air expand 
and so become less dense. They are therefore 
displaced by the denser water or air around them 
and pushed upwards. The cooler water or air 
flowing to the point of heating in its turn expands 
and is pushed upwards. Thus, so long as the 
heating is continued, upward hot currents and 
downward cooler currents are maintained. 

Radiation Apparatos 

To detect heat^ radiation the 

may be used/ This. as illustratedin 
Fig. 170, consists of two air-filled bulbs connecteni 
\) a U-tubc containing a little liquid. If one bulb is heated more than 
the other, the air in it will have a greater pressure than that in the 
other^ and the liquid will be driven away from the hotter bulb. 
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Absorbing Powers of Surfaces 

6ood radiating surfaces 
readily rn-JUfinn 

gillie b ad r adiating surfaces 
to reflect it instead of 
abyrbing it . 

^osbow this, paint a dead 
black design on a thin sheet 
of bright tin. Paste a sheet of 
heat-sensitive paper on the 
back of the tin. Place the 
tin with the painted side 
facing a source of radiation. 
The design will appear on 
the paper on the back, those 
parts of the paper behind the 
black portions of the design 
turning green while those behind the bright portions remain whit^ 
Many other experiments can be arranged to show the fact. 




Fio. 174. 


Applications 

(1) Wire Gauze. — So that the flame 
shall not play directly on it, a glass vessel 
which is to be heated over a Bunsen burner 
is usually stood on wire gauze, through 
which the flame does not pass. If a piece 
of gauze is held an inch or two above a 
burner, the gas turned on, and a light 
applied above the gauze, the gas burns 
above the gauze but the flame does not 
extend below it to the burner (Fig. 174). 

The explanation is that the wires of 
tihe gauze are good conductors, so that 
beat is quickly conducted away from the 
place where the flame is in contact with it, 
and as a result, the temperature on the 
other side of the gauze does not rise suflici- 
ently |0 ignite the gas. 



Fxo. 175« 



Fxo. 176. 
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If combustible gas enters with the air, 
e the gauze w ill 




OVERFLOW 


This principle is applied in th e Daw Safetu Lam f for miners. ^ 
which a small oil lamp has a glass cylinder, surmounted by a cylinder 
of gauze, completely enclosing the flame (Fig. 175) 
necessary air to enter the lamp ' 

It will burn inside the lamp but ihe temper^ 

not FeJ^ds^cientLy to ig^^jt^ ga-s an d_cause a n explosion. 

(2) Hot- Water Systems. — ^Fig. 176 shows apparatus which may 
be fitted up to illustrate the 
principle of a domestic hot- 
water system. Note parti- 
cularly that the bent tube 
reaches nearly to the bottom 
of the flask and only just 
passes into the reservoir at 
the top, while this arrange- 
ment is reversed for the 
straight tube.' If some 
colouring matter is put in 
the water in the reservoir 
fc.the water will be seen to 
travel as indicated by the 
arrows when the fiask is 
heated. For the reasons 
given on page 209, hot con- 
vection currents tend to rise 
and so flow up the straight 
tube to the reservoir, while 
water flows back through 
the other tube to the flask. 

Compare this with Fig. 

177, which shows a hot-water 
system in a house, noting that the pipe from the top of the boiler to 
the top of the tank will correspond with the straight tube and tliat 
connecting the bottom of the boiler to the tank corresponds to the 
bent tube. The radiator is connected to both these pipes, so that 
water will cirotilate round it as well as round the tank. The roof 
* "^nk provides a pressure head to drive the water out of the taps 
when they are opened. 

It should be noted that conduction also plays a part in this system. 



BOILER 
Fio. 177. 
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The boiler plates should be of good conducting metal so that heat may 
readily pass from the fire to the water« and, as mentioned in the next 
section, both boiler and tank should be lagged to prevent loss of heat. 
The radiator also is made up of good conducting metal, so heat readily 
passes from the water to its outer surface. 

Heat is distributed from the radiator partly by radiation but also 
by convection. The air in contact with the radiator becomes heated 
and flows upwards, while cool air from other parts of the room flows 
to the radiator to be heated in its turn. 

(3) Heat Insulation. — Heat which escapes from boilers and 
steam pipes is wasted, and in addition makes the boiler rooms un- 
pleasantly hot. For this 
reason, exposed parts of 
boilers, etc., are often 
** lagged ’* with asbestos or 
some other bad conductor to 
reduce the loss of heat. 

Substances of a loose 
texture, which contain a* 
large amount of trapped air, 
make good heat insulators. 
Thus clothing and blankets, 
which are designed to keep 
within the body heat pro- 
duced there, should be of a 
light fleecy texture. Also domestic hot-water tanks are often lagged 
by building a casing round them and filling it up with cork shavings. 
To keep a lump of ice in warm weather it should be wrapped round 
with loosely-woven material which will prevent the heat outside from 
getting in to it. 

(4) VRNTTT.ATTow .^f|yivP£Ain^ the main factor in ventilation.. 

^ which has been warmed by being breathed tends to rise. Hence, 
if^ts are provided for it near the^top of tlie room and inlets for cool 
mx near the bottom, a convection circulation will ensure that fresh air 
"xs^laces that which has been used. ^ 

Jig. 178 shows an apparatus to demonstrate how a mine may be 
fenijiated by heating the air at the bottom of one of a pair of shafts 
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connected with it. The apparatus is conveniently made from a box 
stood on its side, with a sheet of glass in place of its lid. The explana- 
tion of it should be obvious. 

(5) Winds and Ocean Currents. — These are convection currents 
on a large scale. Where the surface of the earth is hot, the air in 
contact with it becomes heated and is displaced by the cooler air 
around it which is at a higher pressure. Thus there is an upward flow 
of air at hot places on the earth’s surface and a downward flow at 
cold places, with a flow along the surface from the cold to the hot 
places. Ocean currents may be similarly explained. 

(6) The Vacuum or “ Thermos ” Flask. — This is largely used 
to-day to keep liquids hot for long periods. It 
was invented bv Sir James Dewar for storing 
liquid air, which has to be kept very cold . 

Fig. 179 shows its construction. iA double - 
walled glass vessel is silvered on the outer sur: 
face of the inner wall and tiie inner "surfac e of 
the outer wall. Aii* is withdrawn from the 
space between the walls which is then sealed. 

' In the domestic form this is protected by a 
metal case. It rests on a co rk at tbe bottom of 
the case and is secured at the neck witb a pad of 
felt or a ring of rubber 

When a hot liquid is placed in it, heat can 
not escape by either conduction or convection 
across the vacuum. The silvering on the 
outside of the inner wall makes that wall a bad 
radiator, while the silver on the outer wall tends to reflect back any 
heat that is radiated. 

The cork, air, and felt between the flask and the container are all 
bad conductors, so that heat which is conducted along the glass, itself 
a bad conductor, cannot readily pass to the container. The cork in 
the neck of the flask, and the cup over that, prevent loss of heat by 
convection. 

Starting from the outside, it is easy to show in a similar way how 
^difficult it is for heat to enter the flask from outside: hence double- 
walled vacuum vessels of this and similar types not only keej) hot 
drinks hot, but they also keep cold drinks cold. 





* VACUUM 
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QUESTIONS ON CHAPTER XVIII 

1. Explain the process by which beat is transferred through a 
solid, and describe an experiment to compare the conducting powers 
of two metals* 

Describe (a) an appliance where advantage is taken of the good" 
thermal conductivity of a solid, (6) one where the property of poor 
thermal conductivity is utilised. [L.U. 

2. Why does your body keep warm on a cold day and a lump of 
ice remain cold on a hot day if each is wrapped in a blanket ? 

3. Give reasons for each of the following: — 

(a) Saucepans are usually made of metal. 

(d) A layer of felt is often placed between the boards and the tiles 
in a house roof. 

(c) A metal teapot often has an ebony handle. 

(d) The bottoms of kettles to be heated on electric hot plates are 
ground to fit closely to the plates. 

4. Why is straw often wrapped round out-of-doors water pipes in 
the winter ? Is it best to pack it tightly or loosely ? 

6. Explain the process of convection, » 

Describe how use is made of this process in the heating of a 
building. [L.U. 

6. Describe experiments to show that convection takes place (a) in 
liquids, (6) in gases. 

Explain the observations which would be made during the 
experiments, 

7. Explain why (a) it is hotter in the gallery than on the floor of 
a crowded theatre, (6) night frosts are often more severe in a hollow 
amongst hills than on the high ground, (c) on a hot day the surface 
water of a pond is warmer than the water below, but on a day when it 
is nearly freezing, the siirface water is the colder, 

8. Describe and explain, with the aid of a diagram, the cooling 
system of a motor car engine. Why is the radiator made in the form 
of a “ honeycomb ** of tubes ? 

^ 9, Describe experiments to illustrate that good radiating surfaces 
good absorbing surfaces. What would you expect to observe if a 
ibd'-hot metal ball were placed half-way between the bulbs of a 
thermoscope, one of which had been blackened and the 
Ig^ll^ered ? Explain your answer. 
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10. An open copper calorimeter contains a quantity of hot water. 

Explain the various processes by which it can lose heat, and suggest 
methods of reducing the loss due to each process. [L.U. 

11. Explain the nature of the three chief methods of heat trans- 
^rence. Show how the “ thermos flask *’ is designed to minimise the 

effects of those methods. [L.U. 

12. Describe experiments (one in each case) to show that (a) copper 

is a better conductor of heat than iron, (b) water is a bad conductor of 
heat, and (c) a l)1aekcncd surface is a better absorber of heat than a 
bright one. [L.U. 

13. Briefly distinguish between heat radiation^ heal convection, and 
heat conduction. 

How is it possible to show (a) which is the better conductor of heat 
— iron or fireclay, (h) which is the better radiator of heat — a roughened' 
or a smooth surface of a material ? 

Explain why the radiants (fireclay pillars) used in a gas fire are 
(i) roughened, (ii) made in skeleton form with open front, rather than 
made solid. [J.M.B. 

14. How docs the density of a gas vary (a) when the pressure is 
changed at constant temperature, (b) when the temperature is changed 
at constant pressure ? 

Describe one practical application of a variation in density of a gas 
such as air. 

In large modern buildings it is a growing practice to warm the rooms 
by means of heated panels in the ceiling. Explain how the rooms 
become heated, and suggest one advantage of the method. [J.M.B. 



CHAPTER XIX 

QUANTITY OF HEAT 


Coal bills, gas bills, and electricity bills are, in the main, demands 
for payment for means of producing heat. So much is this the case 
that gas bills state the amount of heat for which payment is demanded 
and electricity bills state the number of units of energy which have 
been consumed, from which the amount of heat suiiplied may be 
calculated. It is clear from this that measurements of quantities of 
heat may be very important. 

jPactors Involved in Quantity of Heat 

There is clearly a relation between the temperature of a body and 
the amount of heat it contains. It is assumed that, so long as the state 
of the body is not changed, its rise of temperature will be proportional ^ 
to the quantity of heat given to it. 

The experiment on page 1G2 shows that temperature alone is not a 
measure of the amount of heat in a body. A body at liigh temperature 
may contain less heat than one at lower temperature. In the case 
mentioned the differ^ce was evidently connected with the different 
masses of the bodies.^ ^ust as a fixed volume of water will fill a narrow 
jar to a greater depth than a wide jar , so a fixe3 qu antity of heat wil l 
raise a small mass to a higher temperature th an a large mass of the 
same substance. It is assumed that equal masses of the same substance 
will require equal quantities of heat to raise their temperatures by 
equal amounts. 

The quantity of h eat in a body also depends on it s substance . 
This may be verified as follows. Take two equal beakers. Place a 
^mntity of water in one, and then place sand in the other until the two 
P^nce, so that equal masses of water and sand are taken. Adjust a 
SNinsen burner till it gives a small steady flame. Place the beaker of 
water over it and support a thermometer dipping into it. Stir continu*^ 
ousl^ and the time, taken for the temj>erature to rise through a 
bknge, say 20° C. to 30° C. Hepeat with the beaker of sand, 
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avoiding any alteration in the gas flame and timing over the same 
temperature range as in the case of the water. The second time will 
be less than the flrst, so we can say that, when equal masses of sand 
and water have their temperatures raised equally, less heat is required 
•by the sand than by the water. 


Units of Heat 



It follows from the above that, in defining a unit of heat, mass, 
temperature, and substance will all have to be considered. Because it 
is so frequently used in heat experiments, water is chosen as the standard 
substance for this purpose. The following are the heat units mostly 
used ; — 


(1) The calorie, which is the quantily of heat required to raise the 
temperature of 1 grm. of water by C. 

(2) The British Thermal Unit (B.Th.U.), which is the quantity of 
heat required to raise the temperature of 1 lb. of water 1*^ F. 

(3) The Therm, which is equal to 100,000 B.Th.U, This unit is 
used mainly in connexion with gas supply. 

Thus, to raise 20 grm. of water through 15® C. requires 20 X 15 
= 300 calories of heat; 15 lb. of water cooling from 90® F. to 60® F, 
lose 15 X 30 == 450 B.Th.U. of heat. 

Generally, heat gained or lost by a mass of tcater = mass X change 
of temperature, corresponding units of heat, mass, and temperature 
being used. 


Principle of Mixtures 

When cold water is added to hot water in the bath the whole comes 
to one temperature which is higher than that of the cold water and 
lower than that of the hot. Thus the cold water gains heat, and the 
hot loses it. It is reasonable to assume that the heat gained by the 
cold water is that lost by the hot, so that the two quantities are equal. 
Note that this applies to heai gained and lost, and not to rise and fall 
of temperature, for if a little cold water is added to a large mass of hot, 
the final temperature will be very little below that of the hot water, 

^ To test this assumption, take two equal beakers. Measure 200 c.om. 
(200 grm.) of cold water into one and 150 c.cm. (150 grm.) into the other. 
Heat the first beaker until the temperature of the water is just above 
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70^ C. Let it cool, keeping it stirred until the temperature is just 
70° 0. In the meantime take the temperature of the cold water in 
the other beaker. Pour the hot water in the cold, stir well, and note 
from a thermometer dipping into it the temperature to which the 
whole rises. 

Repeat the experiment, but this time pour the cold water into the 
hot when mixing. Results such as the following will be obtained: — 

Hot into Cold Cold into Hot 

Temperature of hot water ... 70° C. 70° C. 

Mass of hot water 200 grm. 200 grm. 

Temperature of cold water ... 20° C. 20° C. 

Mass of cold water 150 grm. 150 grm. 

Temperature of mixture ... 47*5° C. 49*5° C. 

Pall in temp, of hot water ... 22*5° C. 20*5° C. 

Heat lost by hot water (22*5 x 200) cals. (20*5 x 200) cals. 

= 4500 cals. = 4100 cals. 

Rise in temp, of cold water ... 27*5° C. 29*5° C. 

Heat gained by cold water ... (27*5 X 150) cals. (29*5 x 150) cals. 

s 4125 cals. = 4425 cals. 

In neither case is the heat gained by the cold water equal to that 
lost by the hot. This is readily explained. In the first case, the beaker 
containing the cold water was part of the cold body and would be 
warmed up during the mixing, taking a part of the heat lost by the 
hot water. Thus the cold water gained only a part of that lost by 
the hot. 

In the second case the beaker containing the hot water would help 
to warm the cold water poured into it. Thus the cold water gained 
more heat than the hot lost. 

To eliminate this unknown quantity of heat take averages for the 
two experiments. 

4500 4- 4100 

Average quantity of heat lost by hot water = - == 4300 cals. 


. 4125 4- 4425 

^ A^verage quantity gained by cold water = = 4275 cals. 

Z 

This ^ves approximately equal results. There is still a source of 
epbar^which has not been dealt with. This is that some heat would 
the surrounding air during the mixing. 
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Thermal Capacity 

The quantity of heat required to raise the temperature of a body 
by 1 degree is termed the thermal capacity of the body. 

The method described in the last paragraph enables the thermal 
capacity of a vessel to be determined. Thus, in the first case, the 
beaker in which the water was mixed, as well as the water in it, would 
be warmed from 20° C. to 47*5° C., that is its temperature would be 
raised 27*5° C. This was brought about by the heat which was lost 
by the hot water and not gained by the cold, that is by (4500 -- 4125) 
cals. = 375 cals. Therefore to raise the temperature of the beaker by 
375 

1° C. requires - cals. = 13*6 cals. 

JLi'O 


In the second case it may be said that in falling 20*5° C. the beaker 
lost (4425 — 4100) cals. = 325 cals. Therefore, in falling 1° C. it loses 
325 

cals. = 15-8 cals. So the thermal capacity of the first beaker was 


13-6 calories per degree C., and that of the second 15*8 calories per 
degree C. 


.Water Equivalent 

It is frequently useful to consider the mass of water which has the 
same thermal capacity as a body. This is known as the water equivalent 
of the body. In the case of the first beaker mentioned above, 13*6 
calories will raise its temperature 1° C. But 13*6 calories would raise 
the temperature of 13*6 grm. of water 1°C. Therefore the water 
equivalent of the beaker is 13*6 grm. Note that the water equivalent 
of a body is numerically equal to its thermal capacity. 

Example. — 200 j/m. of water at 18° C, are contained in a vessel with 
a ufoter equivalent of 20 grm, and 250 grm, of water at 100° C. are 'poured 
into it. What will be the temperature of the mixture? 

Let the required temperature be f C. Then: — 

Fall in temp, of hot water = (100 — 0° C. 

Rise in temp, of cold water and vessel = (i — 18)° C. 

The cold water and vessel are together equivalent to (2(X) -f 20) 
! s^grm. of water. 

Heat lost by hot water = 250 (100 — t) cals. 

Heat gained by cold water and vessel == 220 (< 18) cals. 
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Heat lost = Heat gained; 

250 (100 - <) = 220 (< - 18) ; 

25000 - 250( = 220< - 3960; /. 470< = 28960; 


t ga = 61-6; 

Temperature of mixture = 61 •6' 


C. 


Specific Hmt 

* From the results on page 221 it has been shown that 13-6 cals, were 
required to raise the temperature of the beaker 1'’ C. Suppose the 
beaker had a mass of 100 grm. Then it can be said that each gramme 

13*6 

of glass in the beaker requires - cals. = *136 cals to raise its tempera- 

lUU 

ture V C. This number may be expected to apply to any one gramme 
of glass, and so is a physical constant of the substance glass and has 
not particular reference to any special body. It is called the jspecific 
h^Wf glass. The specific heat of a substance is given numericaJlv bv 

tha sn^tance bv 1° C. E2S-~- 

. A more general dehnition of specific heat can be given as follows. , 
The thermal capacity of the beaker was 13*6 cals, per deg. C. It weighed 
100 grm., so the thermal capacity of an equal mass of water would be 
100 cals, per deg. C. Thus the specific heat of the substance may be 
said to equal the ratio 

Thermal capacity of a mass of the substance^ 

Thermal capacity of an equal mass of water 


The former definition is the more useful to have in mind when 
working examples, but the latter is the exact definition: it indicates 
that the value of specific heat does not depend on the heat units used 
in measuring it so long as corresponding units of heat, mass, and 
temperature arc used throughout a calculation. 


Table op Specific Heats 


'jibHBiiiium ... *21 Silver 

^ppper ... *094 Tin 

*113 Zinc 

•*. *0315 Brass 

mmmry ... *033 Glass 

mSSm •** *0322 Ice 


... *056 Alcohol ... *60 

... *054 Glycerine ... *58 

... *093 Paraffin ... *52^ 

... *092 Turpentine ... *42 

... *16 Water 1*00 

... *50 
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The value 1-0 for the specific heat of water follows from the definition. 
It will be noted that water has a high specific heat compared with 
other substances, and specific heats of liquids generally are considerably 
higher than those of solids. 

^ It should be clear from the foregoing that the thermal capacity, 
and therefore the vrater equivalent of a vessel is equal to its mass X the 
specific heat of its substance. For example, 1 grm. of copper (specific 
heat -094) requires -094 cals, to raise its temperature T C. Therefore 
a copper vessel weighing 50 grm. will require -094 X 50 cals, to raise 
its temperature 1® C. Also, for any 
heating or cooling of a body: — 

Heat gained or lost = Mass of body 

X Specific heat x Change of temp. 

Thus, to raise the temperature of the 
above copper vessel by 35® C. would 
require -094 X 50 X 35 cals. 

Measuring Specific Heats 

The mixture principle is used for this 
purpose. The vessel in which t^^ mixinp 
is done is called a calorimeter and is 
usually made of copper or aluminium. 

Precautions must be taken to avoid loss 
of heat to the surrounding air when the 
hot body is placed in the calorimeter, 
so the outside of the calorimeter should 
be polished to reduce radiation from it. 

It is stood on a piece of cork or other 
poor conducting material inside a wider vessel (Fig. 180) . This cork, and 
the layer of air between the two vessels, tend to reduce loss of heat by 
conduction. The outer vessel also shields the calorimeter from radi- 
ation from outside and from air currents. A cover with small holes 
for a stirrer and thermometer will prevent loss of heat by convection 
from the apparatus. 

- The heat gained by the calorimeter and stirrer must also be taken 
into account, so the stirrer should be of the same material as the 
calorimeter so that the two together may be taken as one body. 
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(1) Specific Heat op a Solid. — ^A calori- 
meter and stirrer are weighed together. The 
calorimeter is about two-thirds filled with water 
and weighed again. It is then placed in its 
shielding vessel. A quantity of the solid is thetf 
weighed and heated to about 100° C. Fig. 181 
illustrates a convenient way of doing this. The 
test-tube should fit loosely into the neck of the 
flask and wedges of paper should be inserted as 
shown to ensure there being a space between 
the tube and the neck for the escape of steam. 
The water is boiled, and when the temperature 
of the hot solid is steady, the temperature of 
the water in the calorimeter is taken and the 
solid quickly poured into it. The “ mixture ” 
is well stirred, and the highest temperature 
recorded by the thermometer in the calorimeter 
noted. It is best in this case to take account 
of the heat gained by the calorimeter and stirrer 


by considering their water equivalent. Since specific heats of copper and 
aluminium are approximately 0-1 and 0-2 respectively, water equiva- 


lents of vessels made of those metals may be taken as one-tenth and 


one-fifth respectively of their masses. 


Results 

Mass of calorimeter and stirrer (copper) ... = 60*6 grm. 

/. Their water equivalent = 6-06 grm. 

Mass of calorimeter, water, and stirrer ... --- 185'9 grm. 

/. Mass of water 125-3 grm. 

Mass of solid — 206-5 grm. 

Temperature to which solid heated = 90° C. 

Temperature ^cold water = 16° C. 

Temperature of mixture ” = 18-5° C. 

/. Rise in temperature of water, etc. ... = 2-5° C. 

Fall in temperature of solid = 71-5° C. 

Heat gained by water and calorimeter 

^ 2-5 X (125-3 + 6-06) cals, 


« 
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Let 8 be the specific heat of the solid. 
Heat lost by solid = (« X 206*5 X 71*5) cals. 
But heat lost = Heat gained; 

/. s X 206*5 X 71*5 = 2*5 X 131*36; 


*5 X 131*36 
206*5 X 71*5 


(2) Specific Heat of a Liquid. — The process is the same. The 
liquid is placed in the calorimeter and a solid of known specific heat 
is used. 

Example of Results. 65 grm. of a liquid are placed in an aluminium 
calorimeter which weighs 10*5 grm. 200 grm. of lead, of known specific 
heat *0315, are heated to 100® C. The temperature of the liquid is 
15® C. When the lead is dropped into the calorimeter, the temperature 
rises to 30® C. 

Rise in temperature of liquid and calorimeter ... = 15® C. 

Fall in temperature of lead = 70® C. 

Let s be the specific heat of the liquid. 

Heat gained by liquid — s X 65 x 15 cals. 

Heat gained by calorimeter ... = *21 X 10*5 X 15 cals. 

Heat lost by lead = *0315 X 200 X 70 cals. 

Heat gained = Heat lost; 

/. (s X 65 X 15) + (-21 X 10*5 X 15) = *0315 X 200 X 70; 

975s + 33*075 = 441*0; 

975* =- 407-926; j = = -418. 

Calorific Value of Fuels and Foodstufb 

The calorific or heating value of a fuel is the quantity of heat which 

can be produced by burning a pound of it in the case of a solid or 

liquid fuel or a cubic foot of it in the case of a gas. 

* ^ ... 

To determine the colorifio value of solid or liquid fuels, bomb calorimeters are 

used (Fig. 182). The bomb consists of a strong iron vessel to which a strong Ud 
can be screwed down, so that a big internal pressure can be withstood. A weighed 
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quantity of the fuel in a crucible is introduced and a thin wire connected to stout 
insulated leads is dipped into it. Enough oxygen to ensure complete combustion 
is pumped in under pressure through an opening in the lid, which is then closed 
with a screw. The bomb is then suspended in a large calorimeter containing 
water which is shielded in the usual way. The weight of water and the water 
equivalent of the bomb and calorimeter must be known. The thin wire is heated 
to redness for a moment by passing an electric current through the leads, and so 
the fuel is ignited. The rise in temperature of the water as the fuel bums is noted. 
Then Rise in temperature X (Mass of water + Water equivalent of apparatus) 
gives the heat produced by burning the weighed amount of fuel. 

For gaseous fuels, a calorimeter based on the geyser principle is used. That is, 
a steady stream of water passes through the apparatus and is heated by enclosed 
gas burners supplied with gas at a steady rate. The temperature of the water is 

taken as it flows into the apparatus and 
again as it flows out. When these two 
temperatures arc steady the water flowing 
through in a given time is collected and 
weighed. The amount of gas burned in 
the same time is noted from a meter 
connected to the supply pipe. The quantity 
of heat produced by burning that amount of 
gas is calculated by multiplying the weight 
of water collected by its rise in temperature. 

Gas companies are obliged to 
declare the calorific value of their 
gas which is tested as above from 
time to time by public ofl&cials. The 
gas meters measure the volume of 
gas supplied, and from this the 
number of therms supplied is cab 
culated. The following information is taken from a gas bill. 

Calorific value, 500 B.Th.U. per cub. ft. 

Gas consumed, 5-2 thousand cub. ft. 

Charge, 26 therms at 9fd. per therm = £1 Os. lOd. 



The number of therms was obtained as follows: 5*2 thousand cubic 
feet of gas are equivalent to: — 

5-2 X 1000 X 500 B.Th.U. 

5*2 X 1000 X 500 ^ 

100^ = 26 therms. 
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One of the main purposes of food is to supply the body with energy 
which is liberated by the oxidation in the blood stream of products of 
the digestion of the food. It will be shown in Chapter XXII. that 
heat is a form of energy and so the calorie is in fact a unit of energy. 
^Hence one of the ways of determining the value of a foodstuff is to 
find its calorific value. The same method may be used as for fuels 
but certain corrections have to be applied as the oxidations taking 
place in the body may not be so complete as that in the bomb 
calorimeter. 

In giving the calorific value of foodstuffs a unit known as the largo 
calorie or kilo-calorie is used. This is the quantity of heat required 
to raise the temperature of one kilogram of water by 1® C. and so is 
equal to 1000 ordinary calories. Some typical calorific values which 
have been determined in kilo-calories per gram are: fat, 9*3; 
carbohydrate, e.g. starch, 4*1 ; protein, e.g. lean me^t, 4*1. It has been 
calculated that the energy requirement per day of the human body 
varies from about 2500 kilo-calories for those doing practically no 
manual work to 5500 kilo-calories for those doing very strenuous work. 
From these figures the quantities of various kinds of foodstuffs needed 
in the diet of an individual can be calculated. It should be noted that 
a diet which has a sufficient calorific value is not necessarily one which 
v/ill maintain health. For example, a diet consisting entirely of starch 
could provide sufficient calories but would not provide the necessary 
material for body building and replacement. 

QUESTIONS ON CHAPTER XIX 

(Use the Table of Specific Heats on page 222 when necessary.) 

1. On what factors does the quantity of heat in a body depend ? 
Describe experiments to illustrate your answer. 

2. Explain what is meant by saying that (a) the expansion of 
water with rise of temperature is anomalous, (6) water has a high thermal 
capacity. 

Give examples in Nature where these distinctive thermal properties 
are advantageous. [L.U. 

^ 3. Describe carefully an experiment you have carried out in 

which a calorimeter was used. 

Point out the precautions taken to prevent loss of heat during 
the experiment. [L.U. 
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4. Name and define the unit in which quantity of heat is measured. 
Show that if 40 grm. of water at 70^ C. are mixed with 120 grm. 

of water at 10^ C., the final resulting temperature is 25^ C. (neglecting 
loss of heat). [L.U. 

5. Define calorie^ British Thermal Unit, therm. 

Calculate the number of calories in a B.Th.U., taking 1 lb. as 
equal to 454 grm. 


6. Calculate the heat gained in each of the following cases: — 

(i) 75 grm. of water heated from 16® C. to 100® C. 


(ii) 36 lb. of water 

(iii) 10 gall, of water 

(iv) 6 litres of water 

(v) 7 grm. of copper 

(vi) 8 lb. of iron 


60® F. to 212® F. 
48® F. to 100® F. 
15® C. to80® C. 
15® C. to 200® C. 
40® F. to 350® F. 


7. Find the resulting temperatures in the following mixtures, 
neglecting heat losses: — 

(i) 250 grm. of water at 99® C. into 200 grm. water at 15® C. 

(ii) 5 gallons of water at 40® F. into 20 gall, of water at 200® F. 

(iii) 300 grm. of lead at 90® C. into 150 grm. of water at 16® C. 

(iv) 250 grm. of copper at 100® C. into 100 grm. of turpentine at 

20® C. 


(v) 10 lb. of iron at 600® F, into 1 gall, of water at 50® F. 

8. Calculate the temperatures of the pieces of iron which gave the 
following results when dropped into water: — 


Wt. of Irox 

Wt. of Water 

Temp, of Water 

1 Final Temp. 

500 grm. 

500 grm. 

20° C. 


301b. 

201b. 

50° F. 

85° F. 

400 grm. 

1 kilog. 

16° C. 

60° C. 


9. Calculate the specific heats of the metals in the following cases, 
iH^l^ting heat absorbed by the calorimeter. 

(i) 100 grm. of copper at 100® C. dropped into 200 grm. of water 
at 15® C. raised the temperature to 19® C. ^ 

, 300 grm. of lead at 99® C. dropped into 100 grm. of water at 

« ^ 16® C. raised the temperature to 23® C. 
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(iii) 1 lb. of mercury at 200° F. dropped into 1 pt. of water at 
50° F. raised the temperature to 53*5° F. 

10. An electric heater dipped into 500 grm. of water in an aluminium 
calorimeter weighing 10 grm. raised the temperature from 20° C. to 

C. in 3 min. At what rate did it give out heat 'll 

If, when 600 grm. of oil was substituted for the water, the heater 
raised the temperature from 20° 0. to 30° C. in 2 min., what was the 
specific heat of the oil ? 

11. Which is the cheaper fuel for heating purposes, gas at 9d. per 
therm or coal of calorific value 12,000 B.Th.U. per lb. at £2 per ton ? 

12. 32 grm. of water at 60° C. are poured into 60 grm. of cold 
water at 12° C. which is contained in a calorimeter of mass 40 grm. 
and specific heat 0*1. 

Show that, neglecting loss of heat, the final resulting temperature 
is 28° C. [L.U. 

13. Define specific heat and water equivalent, 

A calorimeter contains 85 grm. of water at a temperature of 16° C. 
and into this is placed a piece of aluminium weighing 80 grm. at a 
temperature of 100° C. The final temperature of the water is 29*8° C. 
^Calculate the water equivalent of the calorimeter. [Sp. Ht. of alumi- 
nium = 0*22.] [L.U. 

14. Explain what is meant by the water equivalent of a body. 

A calorimeter contains 100 grm. of water at 16° C. 50 grm. of 
water at 45° C. are added, and the resulting temperature is 25*2° C. 
Calculate the water equivalent of the calorimeter. Enumerate the 
sources of error which may occur in performing an experiment of this 
nature and the precautions you would take to eliminate them. [L.U. 

15. Explain the meaning of specific heat and water equivcdent. 

A calorimeter of water equivalent 6*3 grm. contains 57*6 grm. of a 
liquid at a temperature of 15° C. Into this is placed a block of copper 
of mass 123 grm. at a temperature of 100° C. The temperature of the 
liquid when heat transference is complete is 36° C. Calculate the 
specific heat of the liquid and point out what assumption has been 
made in the calculation. [Specific heat of copper = 0*1.] [L.U. 

16. Describe how you would compare approximately the rates at 
which a given gas ring and an electric hot plate can each supply heat 
\o a vessel placed on it. 

Assuming that there are no heat losses, what volume of coal gas, 
having a calorific value of 480 B.Th.U. per cub. ft., will be needed to 



230 


GENERAL PHYSICS-HEAT 


heat 30 gall, of water, contained in a copper boiler weighing 60 lb., 
from 52° F. to boiling point ? Calculate the cost of heating this water 
by gas costing lOd. per therm, if there is a 50 per cent, loss in the 
heating apparatus. U gall, of water weighs 10 lb.; specific heat of 
copper =s 0*1.) [J.M.B. 

17. Distinguish between the tftermal capacity (or heat capacity) of a 
body and the specific heat of a substance. 

A cube of iron weighing 63 grm. and a cube of glass of the same size, 
weighing 22 grm., are both heated to 150° C. They are then trans- 
ferred to exactly similar calorimeters each containing 35 c.cm. of water 
at 6° C. The final temperatures are 27° C. for the calorimeter contain- 
ing iron and 24° C. for that containing glass. If the specific heat of 
iron is 0*11, calculate (a) the water equivalent of each of the calorimeters, 
(b) the specific heat of glass. 

It was observed that the calorimeter containing glass took a few 
minutes to reach its final temperature, whereas that into which the 
iron was transferred reached 27° C. very quickly. Explain this 
observation. [J.M.B. 

18. Explain the meaning of (a) a degree Fahrenheit, (h) a therm. 

Given a piece of iron of mass 100 grm. and specific heat 0*1 1, how 

would you find the approximate temperature of an oven ? 

Name one advantage and one disadvantage associated with the use ^ 
of a copper head on a soldering iron. [J.M.B. 

19. Explain the terms thermal capacity and water equivalent, and 
describe an experiment by which you would determine the value of 
one of these quantities for a calorimeter. Show clearly how the result 
of the experiment would be calculated. 

20. Describe carefully how you would determine the specific heat 
of a piece of metal. Explain fully the precautions you would take to 
avoid errors and the method by which you would calculate the result. 

How could you modify the method so as to find the specific heat of 
a solid such as salt which dissolves in water? 


21. Given a piece of metal of known specific heat, how could you 
use it (a) to find the specific heat of a liquid and (b) to determine the 
twp^ftture inside an oven? In each case make clear the steps in 
'^..calculating the result. 


22. What is meant by the cahrijic value of a solid fuel or foodstuff? 
Draw and describe a form of apparatus for determining such a calorific^ 
value and give a description of the way in which the determination is 
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What is the importance of knowing the calorific values of foodstuffs 
and in what units are they usually stated? 

23. 50 grm. of water at 80° C. are poured into a vessel containing 
40 grm. of water at 12° C. The temperature of the mixture is 46° C. 

Calculate the water equivalent of the vessel. 

24. Using gas of thermal value 500 B.Th.U. per cu. ft., what 
volume of gas will be consumed in bringing half a gallon of water at 
60° F. to boiling point? Assume that one-third of the heat generated 
by burning the gas escapes into tlui air and neglect heat gained by the 
vessel. 

If the price of the gas is 20 pence a therm, what is the cost of heating 
the water ? (One gallon of water — 10 lb.) 

25. Three equal calorimeters each contain equal masses of water 
at 15° C. 100 grm. of copper at 100° C. dropped into the first raises 
the temj)erature to 18° C. ; 60 grm. of aluminium at 100° C. dropped into 
the second raises the temperature to 18*6° C., and 2CX) grm. of lead at 
100° C. dropped into the third raises the temperature to 17° C. Show 
that the specific heats of copper, aluminium, and lead are approxi- 
mately in the ratio 1 : 2 : J. 

26. An electric heater immersed in 200 grm. of water contained in a 
calorimeter of 20 grm. water equivalent raises the temperature from 
15° C. to 20° C. in 2 min. When 200 grm. of water and 250 grm. of 
iron were placed in the calorimeter the heater raised the temperature 
from 15° C. to 19*4° C. in 2 min. Calculate the specific heat of the iron. 

27. A piece of metal heated to 100° C. is dropped into 200 grm. of 
water at 14° C. in a copper calorimeter weighing 80 grm. and raises 
the temperature to 17*5° C. What is the thermal capacity of the piece 
of metal? 

If the experiment is repeated with 200 grm. of parafiBn at 14° C. in 
place of the water the temperature rises to 20*25° C, What is the 
specific heat of the parafiBn? 



CHAPTER XX 

CHANGE OP STATE. LATENT HEAT 


The same substance may exist as a solid, a liquid, or a gas. Thus, 
water is familiar to us as solid ice, liquid water, or gaseous steam, 
and can be changed from one state to another, in that order, by raising 
its temperature. In the case of pure substances these changes of 
state take place at definite temperatures. This was assumed in the 
case of water in connexion with the “ fixed points ” of a thermometer. 

Mdting Point 

The temperature at which a substance turns from solid to liquid or 
liquid to solid is known as its melting point or freezing point according 
to the direction of the change being considered. 

Support a thermometer with its bulb in the middle of a beaker and 
fill up the beaker with crushed ice. The thermometer will register . 

0° C. Warm the beaker with a very small 
Bunsen flame and note the temperature from 
time to time. As soon as sufficient water is 
formed keep the mixture of ice and water well 
stirred. It will be found that the thermometer 
registers 0° C. as long as any ice remains, but 
NAPHTHALENE begins to rise as soon as all the ice has melted. 

Support a thermometer dipping into water 
in a wide test-tube. Stand the test-tube in a 
beaker containing a freezing mixture. Keep 
the water well stirred and watch the ther- 
mometer. It will be found to fall rapidly until 
it registers 0® C. when ice will begin to form. 
It will then remain steady until all the water 
V Fio. 183. has changed to ice. Then it will slowly fall below 

0° C. to the temperature of the freezing mixture. 

Similar experiments may readily be carried out with naphthalene^ 
moth balls "). Melt naphthalene in a wide test-tube until a depth 
oCiS has been obtained Allow it to solidify with a thermometer 
, 232 
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bulb embedded in the middle of it. Now support the tube so that it 
dips in water in a beaker which is kept at a temperature a few degrees 
above 80° C. (Fig. 183). Head the thermometer every half-minute. 

It will be found to rise 
""until the naphthalene 
begins to melt. Then it 
will remain at one 
temperature imtil all 
has melted after which 
it will rise again to the 
temperature of the 
water in the beaker. 

Remove the tube 
with the melted naph- 
thalene from the water 
and allow it to cool in 
the air, reading the 
thermometer every half 
minute again. Obser- 
vations similar to those 
on the freezing of water 
will be made. Note 
that the stationary temperature during solidification is the same as 
that during melting. The two sets of readings may be shown on a 
graph as illustrated in Fig. 184. 

These experiments show (1) that the temperature at which a 
substance freezes is the same as that at which it melts, and (2) once a 
substance is at its melting point, its temperature does not change 
while freezing or melting is proceeding. 

It is evident that the temperature corresponding to the horizontal 
parts of the two curves in Fig. 184 is the melting point of naphthalene, i 
The construction of such heating or cooling curves is a good way ofi 
finding melting points of substances. 

Latent Heat 

During the period represented by ci in Fig. 184, the naphthalene 
would be at a lower temperature than the water in the beaker, and so 
would be receiving heat from it although its temperature was not 
rising. Similarly, during the period a6, it would be giving out heat to 
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the air although its temperature was not falling. It is evident that a 
similar absorbtion and liberation of heat without temperature change 
took place during the melting of ice and the freezing ofjvater. This 
phenomenon always occurs during a change of state, and\ Ij ^eat whi^^ ^Js 
pven out or_ab«)gbAd by ^ g ibstangn ^without change of temperatu^ 
"^^D^HK^he^ithat associaited with melting or freezing is called 
iatent heat of fiiatm . Quantitatively, the latent heat of fusion of a 
substancels defined «« the quantity of bi ^at which is absorbed bj nmit 
mass of thT substance at its melting po in t while it changes from"s5Ed to 
hquid wimouTc hange ^of tempera ture 

Latent Heat of Fusion of Ice 

A rough measurement of this may be made by a method similar to 
that by which Joseph Black (1728-1799) first investigated it. 

Put a quantity of ice into a beaker, drying each piece with filter- 
paper as it is put in. Stand a thermometer in the beaker and place a 
Bunsen burner with a small steady flame below it. Note the time taken 
for all the ice to melt. Continue the heating for as long after the ice 
has melted as it took in melting, and note the temperature to which 
the water formed is raised. It will probably be found to be something 
between 70® C. and 80° C. That means that, simply to melt ice without 
raising the temperature above 0° C., takes as much heat as will raise 
the temperature of the resulting water from 0° C. to 70° C. or 80° C. 

Applying this to a single gramme of the ice, to raise the resulting 
water from 0° C. to 70° C. would require 70 calories. Hence, a gramme 
of ice already at 0° C. has to be supplied with 70 to 80 calories just to 
melt it, the resulting water still being at 0° C. The correct value is 
about 80 calories. 


This explains why a pond freezes so slowly unless the air temperature 
falls a long way below freezing point, for even when the water is down 
^fco its freezing point, 80 calories of heat must escape from it to the air 
* for every gramme that freezes. Similarly, when it melts, every gramme 
that melts must take 80 calories from the air to change it to water 

■>to°c. 

Che value of the latent heat of fusion of ice can be found more 
a^^relv _bv a, _5tomieter experiment. |l^ eigh the calorlibeTier.^ 
l^ifi some water in it and weigh it again. Warm the water to about 
S'dejgrees above air temperature and then shield it in the usual way. 

temperature of the water. Add small dry chips of ice one at 
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a time, stirring and letting each chip melt completely before adding the 
next. Continue until the temperature is about 5 degrees below air 
temperature. Note the temperature to which the water has been 
cooled and weigh the calorimeter and its contents again to find the 
^ass of ice adde^ 

Results 


Mass of calorimeter (copper) 

Water equivalent of calorimeter 
Mass of calorimeter and water 

Mass of water 

Air temperature 

Temperature of water 

Temperature after addition of ice ... 
Final mass of calorimeter and contents 
/. Mass of ice added 


= 50*25 grm. 
= 5*025 grm, 

= 182*76 grm. 
= 132*51 grm. 
= le^’C. 

= 21° C. 

= 10° C. 

= 199*57 grm. 
= 16*81 grm. 


The original water and calorimeter cooled from 21° C. to 10° C., 
and so lost 11 X (132*51 + 5*025) calories = 11 X 137*535 = 1512*885 
calorics. The ice melted and then the water formed from it 
rose from 0° C. to 10° C. If the latent heat of fusion of ice is L calories 
per grm. ; — 

Heat gained by ice in melting = 16*81 L calories. 

Heat gained by water formed from it == 16*81 X 10 calories; 

/. Total heat gained = 16*81 L + 168*1 calories. 

Heat gained = Heat lost ; 

/. 16*81 L + 168*1 = 1512*885 or 16*81 L = 1344*785; 

/. L = 80*0, i.e. Latent heat of fusion of ice == 80 calories per grm. 


The reason why the calorimeter is first warmed above air tempera- 
ture and finally cooled below it is that the melting of the ice takes some 
considerable time. When the calorimeter is above air temperature it 
will lose heat to the air, and while it is below air temperature it will 
gain heat from the air. An attempt is made to balance this loss and 
gain so that error due to it will be eliminated from the results. ' 


Examples. — (1) Talcing the kUent heat of fusion of ice as 80 calories 
per grm.j what muss of ice at its meUifig poirU oauld be just melted by 
500 grm. of boiling water? 
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500 grm. of water falling from 100^ C. to 0° C. lose 500 X 100 calories. 

80 calories will just melt 1 grm. of ice; 

. niT r • u j 500 X 100 

/. Mass of ice melted = gg = 625 grm. 

(2) If 10 grm, of ice at its melting point are aided to 100 grm, of 
water at 40° C., whaJt will he the resulting temperature of the water? 

Let the resulting temperature be f C. 

Heat lost by warm water = 100 (40 — t) calorics. 

Heat gained by ice during melting = 10 x 80 cals. 

Water formed from ice then rises from 0° C. to C., gaining 10 x t cals. 
Heat gained = Heat lost. 

(10 X 80) + (10 X 0 = 100 (40 - 0; , 

/. 800 + 10« == 4000 - loot; llOt = 3200; /. t = 29^^. 
Resulting temperature is 29^^^° 0). 

(3) A piece of iron weighing 250 grm, is heated to 100° C, and then 
dropp^ into a hole in a block of ice. If 34*5 grm, of ice is melted, what is 
the specific heat of the iron? 

Heat gained by ice in melting = 34*5 X 80 calories. 

Let s be the specific heat of iron. 

Then Heat lost by iron in falling to 0° C. = 250 X s X 100 calories. 
Heat gained = Heat lost; 

/. 250 X s X 100 = 34-5 x 80; 

. 34-5 X 80 _ 2760 ^ 

•• 250 x 100 25000 

Specific heat of iron = -llO. 

Soiluig Points 

Fit a wide-mouthed flask as shown in Fig. 185. Partly fill with 
winter, and heat, with constant stirring, from time to time reading the 
ti^^mometer which dips into the water. The temperature will be 
found to rise until the water begins to boil, and then will remain 
constant so long as the boiling continues. Raise the thermometer so ^ 
that it is in the steam instead of dipping into the water The steam 
wilikbe found to have the same temperature as the boiling water. 
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OUTLET 
FOR STEAM 


This apparatus may be used for finding the boiling point of a liquid. 
For more accurate work a hypsometer (page 168) may be used. Owing 
to the formation of convection currents it is difficult to ensure that all 
parts of a heated liquid are at the same 
temperature, and unless stirring is very 
thorough, the temperature shown by the 
thermometer may vary with different 
positions of the bulb. For that reason it is 
better to have the thermometer surrounded 
by the vapour and clear of the liquid when 
taking a boiling point. Other precautions 
should be taken as when marking the upper 
fixed point of a thermometer (page 168). 

Latent Heat of Vaporisation 

Since a liquid has a constant temperature 
while boiling, although heat is still being 
supplied to it, a substance has a latent heat 
of vaporisation as well as a latent heat of Pio. 135 , 

fusion. The lat ent heat of vaporisation o f 
a substancellslEB "quantity of heat ^ 
at its 



of te mperature. 


In the case of water a rough estimate of this may be made hy a 
method similar to the original method of Black. Place some water in 
a beaker and note its temperature. Put a small steady flame under it 
and note the time taken to bring it to the boil. Continue heating until 
it has all boiled away, and note the time this takes after boiling com- 
menced. Suppose the original temperature was 16^ C., the time taken 
to bring the water to the boil was 2 | min,, and a further 16J min. were 
required to boil the water completely away. Then, to turn the water 

to steam after bringing it to its boiling point takes times as 

much heat as to raise it from 16® C. to 100® C. 

Apply this to one gramme of the water. The heat required to 
raise its temperature from 16® C. to 100® C. is 84 calories. Therefore, 
the heat required to turn 1 grm. of water at its boiling point to steam is — 

84 X W45 . T . . v X r 

= 546 calories = Latent heat of vaporisation. 
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A more accurate calorimetric method 
is as follows. Steam is generated in an 
inverted flask, fitted with a long straight 
tube and heated by a ring gas burner. 
The tube passes through a hole in an 
asbestos or wooden screen (Fig. 186). 

A calorimeter is weighed, partly filled 
with water and weighed again. It is then 
shielded in the usual way. The tempera- 
ture of the water is taken. When steam 
issues freely from the tube, the calorimeter 
is placed so that the tube dips into it. 
Steam condenses in the cold water and 
raises its temperature. When the tem- 
perature has been raised 20 or 30 degrees 
the calorimeter is removed, allowed to 
cool, and weighed again to find the mass 
of steam condensed. 

Results 

^ Alass of calorimeter (copper) = 88’2 grm. 

Water equivalent of calorimeter ... = 8’82 grm. 

Mass of calorimeter + water = 188’2 grm. 

/. Mass of water = 100*0 grm. 

Temperature of water = 20° C. 

Temperature to which raised = 47° C. 

Final mass of calorimeter and contents = 193*0 grm. 

/, Mass of steam condensed = 4*8 grm. 

Heat gained by water and calorimeter (100 + 8*82) X 27 calories 

If L is the latent heat of vaporisation of water, heat lost by steam 
condensing == 4*8 L calories. 

The resulting water cooled from 100° C. to(5r47° C. and the loss of 
heat during this cooling = 4*8 X 53 calories. 

Heat gained = Heat lost; 

/. 108*82 X 27 = 4*8 L + 4*8 X 53; 

2938 = 4*8L-f 254*4; 

4-8 L = 2683*6; L = = 659. 

4*8 



Fia. 186 . 



ciTange of state, latent heat 


The latent heat of vaporisation of water is 559 calories per grm. 
in accurate value is 537 calories per grm. 

The following points concerning the experiment should be noted: — 

(1) The passage of the steam down the tube through the boiling 
water tends to prevent it from condensing before it reaches the 
calorimeter. 

(2) The screen below the burners prevents direct radiation of heat 
from the burners and flask to the calorimeter. 

(3) Some heat will escape from the calorimeter while it is being 
heated by the steam, causing a small error in the results. 

Example. — 50 grm. of dry ice are contained in a vessel. Steam is 
'passed in until the resulting water is at 30° C. Calculate the mass of 
steam condensed, neglecting the heat absorbed by the vessel. Take the 
latent heat of vaporisation of water as 540 calories per grm. and latent 
heat of fusion of ice as 80 calories per grm. 

To melt the ice would require 50 X 80 caloricwS. 

To raise the resulting water to 30° C. would require 50 X 30 calories ; 
r /. Total heat required = 50 (80 + 30) = 5500 calories. 

Let the mass of steam condensed be x grm. 

In condensing it would lose 540a; calories. 

Resulting water cooling to 30° C. would lose 70a; calories; 

Total heat lost = 610® calories; 

610®= 5500; ®= = 9 (approx.); 

/. Mass of steam condensed = 9 grm. 

Applications of Latent Heat of Vaporisation 

It will bo noted that the latent heat of vaporisation of water 
involves a large quantity of heat, A gramme of steam at 100° C. in 
condensing will lose without change of temperature nearly 5J times as 
much heat as a gramme of water loses in cooling from 100° C. to 0° C. 
This explains why steam is so effective as a heating agent, and why 
scalding by steam is likely to be much more severe than scalding by 
foiling water. 

It may often be noticed that the air temperature rises considerably 
during a heavy fall of snow. The water vapbtlir in the air is, of course, 
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below its boiling point, but in changing to snow, it will give up both its » 
latent heat of vaporisation and its latent heat of fusion, so that (^very 1 1 
gramme of vapour converted to snow liberates over fi OO caloifie^ of ' | 
heat into the air; 

^llHqurds in evaporating take up a considerable quantity of latent' 
heat. This may be taken partly from the surroundings and partly 
from the remaining liquid, so that the temperature of a liquid usually 
falls if some of it evaporates without heat being supplied to it. 

This may be illustrated with ether which evaporates very readily. 
Put a little ether in a thin beaker and stand the beaker in a drop of 

water on a piece of 
wood. Place a ther- 
mometer in the ether 
and blow a stream of 
air through it. The 
ether will evaporate 
quickly and its tem- 
perature will be found 
to fall rapidly below 
0® C., so that in a 
minute or two the 
beaker is frozen to the 
piece of wood. 

The action of butter 
coolers is based on this 
effect. The butter is 
placed in a glass vessel 
inside a porous earthen- 
ware vessel which is partly filled with water. Water slowly oozes 
through the pores of the outer vessel and evaporates into the air, 
taking its latent heat of vaporisation from the remaining water. 
Thus the temperature of the latter is reduced and the butter kept cool. 

The same principle is used in refrigeration. Ammonia gas is 
pumped by B into the coil in A under sufiftcient pressure to liquefy it 
(Pig. 187). Its latent heat of vaporisation is taken up by cold water 
which is kept running through A. The liquefied ammonia is then 
driven through a valve into the coil in C where the pressure is lower. ^ 
Under the reduced pressure the ammonia evaporates in this coil taking 
dn ^rine with which G is fflled. The gas is drawn 
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off from the second coil by B and circulated again. Every time it 
pass^ through C the temperature of the brine will be reduced, and 
since the freezing point of brine is considerably lower than that of 
water, it may be brought to a temperature considerably below 0® C. 
•^he cold brine is then pumped through pipes to places where freezing 
is required. In ice rinks, for instance, the brine tubes are embedded 
in the floor below the ice which is thus kept frozen. 

Change of Volume with Change of State 

Most substances contract when changing from liquid to solid. 
This may be seen if melted paraiHn-wax is allowed to solidify in an 
evaporating basin. When it is solid, the surface will be found to have 
become concave owing to the contraction of the wax beneath. 

Water is excep- 
tional in expanding 
when it freezes. That 
it does expand is 
shown by the fact 
that ice floats on 
^water at 0° C., and so 
must be less dense 1 
than it. The fact is 
also convincingly 
shown if a bottle with 
a screw stopper is 
completely filled with 
water and left out-of- 
doors in frosty weather with the stopper screwed in. When the water 
freezes the bottle will be broken by the expansion of its contents. The 
bursting of water pipes during severe frosts is due to this expansion 
as the water in the pipe changes to ice. 

It can be shown that, approximately, 10 volumes of water at 0® C. 
become II volumes of ice at the same temperature. It follows that ice 
at its melting point has a density 1 5 ^ times that of ice-cold water. Hence, 
when ice floats the volume of water displaced will be of the volume 
of the ice; that is, only of the volume of the ice is above the surface 
' 4^f the water. If ice is cooled below 0° C. it contracts like other solids. 

There is always a very large increase in volume when a liquid 
changes to vapour. In the case of water, the volume of steam at 
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100® C. is about 1600 times the volume of the water to which it 
would condense. 

Fig. 188 represents graphically, but not to scale, the changes of 
volume which would occur if a mass of ice at — 10® C. were heated 
until it became steam. 

Effect of Pressure on Freezing Point 

If two pieces of ice are pressed together and the pressure then 
released, they will be frozen together, even if the experiment is carried 
out in a moderately warm room. The reason for this is that pressure 
lowers the freezing point of water so that, when the blocks are 
pressed together, a little of the ice melts and forms a layer of water 
between the blocks. This water will be at 0° C., so that when the 
pressure is released it freezes again. 

This lowering of the freezing point 
by pressure is connected with the expan> 
sion of water on freezing. Increase of 
pressure will make this expansion more 
difficult, and so keep the water liquid 
until its temperature is below 0® C. The 
effect is very small, a pressure of more 
than 100 atmospheres being required to 
reduce the freezing point by 1® C. 

Substances which contract on solidify- 
ing will have their freezing points raised by pressure which will assist 
the contraction and so help the liquid to solidify at a temperature 
higher than its normal freezing point. 

The effect in the case of ice is well shown by an experiment due to 
Tyndall, which is illustrated in Fig. 189. A lump of ice is supported 
on two blocks, and heavy weights are attached to a wire passing 
over it. The wire will gradually pass through the block, but the block 
will still be one solid piece when the wire has gone right through it. 

The explanation is that, owing to the small area on which the 
weights are supported, there is a very great pressure just below the 
wire. This lowers the freezing point just below the wire, and a little 
ice melts. The wire sinks through the resulting water which is thus 
released from the pressure and freezes again above the wire. This 
jprocess continues until the wire has gone right through the block. ^ 

The wire should be of good conducting material, preferably copper, 
^.that the latent heat liberated by the water as it freezes again may 
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be conducted away as quickly as possible and beat may be conducted 
to the ice below the wire to melt it. 

The making of a snowball depends on this property of ice. When 
the snow is pressed in the hands, its freezing point is lowered, a little 
melts, and when the pressure is released, bringing the freezing point 
up to 0 ° C. once more, the water which was formed freezes again and 
binds the particles of snow together. If snow is at a temperature 
much below 0° C. satisfactory snowballs cannot be made from it, for 
the pressure exerted by the hands is not sufficient to bring its freezing 
point below its actual temperature and so cause 
some to melt. 

In skating, the whole weight of the body is 
supported on the edge of the skate, and the result- 
ing pressure causes a little ice to melt below the 
skate edge, so enabling it to grip. Skating is 
difficult on very cold ice, as the pressure is not then 
sufficient to cause melting. 

The movement of glaciers is partly due to the 
effect of pressure on melting point. The bottom 
jJayer of ice tends to melt owing to the pressure 
of that above it. The resulting water flows out 
from under the glacier, and when released from the 
pressure, freezes again on the front of the glacier. 

Effect of Pressure on Boiling Point 

Increased pressure raises the boiling point of 
water. Here again it opposes the expansion in- 
volved in the process and so keeps the water liquid 
at temperatures above 100° C. Conversely reduced pressure lowers the 
boiling point. 

This is well shown by the experiment illustrated in Fig. 190. Water 
is boiled in a strong round-bottomed flask. When steam has been 
issuing freely for a minute or two the flame is removed and the flask 
tightly corked, the cork carrying a thermometer. The flask is then 
supported in the position shown. When boiling stops, a little cold 
%ater is poured over the flask, and the boiling recommences. This may 
be repeated a number of times, and the water can be set boiling again 
when the thermometer reading is several degrees below 100° C. * 
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The explanation of this is that the cold water condenses some of 
the vapour in the upper part of the flask and so reduces the pressure 
on the warm water which thus has its boiling point lowered. 

The effect on boiling point is much greater than that on freezing 
point, a difference of C. being caused by a change of about 3 cm. in 
pressure. One result of it is that water boils at a considerably lower 
temperature at high altitudes than at sea level owing to the reduction 
of atmospheric pressure with height. The change of boiling point of 
water may therefore be used in determining altitudes. 

In some industrial processes, for example the vulcanising of rubber, 
materials have to be raised to temperatures, above 100° C., at which 
they would bum in air. This can be accomplished by heating them in 
water enclosed in a very strong boiler to which a strong airtight lid 
can be screwed down. The steam generated increases the pressure in 
the boiler and so raises the boiling point of the water to the required 
temperature. 

In locomotive boilers, too, steam is generated under high pressures, 
and so becomes much hotter than it would be if generated at 
atmospheric pressure. 

Effect of Dissolved Substances on Freezing and Boiling Points 

The presence of a dissolved substance lowers the freezing point 
and raises the boiling point of a liquid. The effect on freezing point 
may be observed by placing a wide test tube containing dilute salt 
solution in a freezing mixture. Support a thermometer with its bulb 
in the brine which should be kept well stirred. It will be found that 
freezing does not commence until the thermometer registers a tempera- 
ture below 0° C. Also, as the freezing progresses the temperature 
continues to fall. The reason for this is that pure ice separates from the 
solution so that the remaining liquid becomes more concentrated and 
this causes an increased lowering of the freezing point. Accurate 
experiments show that the lowering of the freezing point is proportional 
to the concentration of the solution. 

If a concentrated solution qf salt is used it will be found that salt 
Mid not ice first separates. A solution containing about 25 per cent, 
of salt solidifies as though it were a single substance at — 21° C., which 
is the lowest temperature at which any solution of salt will remain liquidf * 

This lowering of the freezing point is the basis of the use of salt for 
libM>rfiig.ice or snow on pavements or the use of mixtures of ice and salt 
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as freezing mixtures. Some of the salt dissolves in the film of water 
on the particles of ice. This forms a solution with a lower freezing 
point than that of the ice, some of which then melts, withdrawing its 
latent heat of fusion from the solution which fail.s in temperature. 

using a mixture with about 25 per cent, of salt the temperature can 
be lowered to — 21® C. A similar result is obtained if calcium chloride 
is used instead of salt and a mixture of four parts of calcium chloride 
to three parts of ice will give a temperature of — 55® C. 

The effect on boiling point may be shown by boiling salt solution in 
the apparatus illustrated in Fig. 185. The bulb of the thermometer 
must be kept in the solution as the steam will be water vapour at the 
boiling point of water. It will be found that the temperature of 
the solution rises above 100® C. before it boils and that, owing to the 
increased concentration as water evaporates from the solution, the 
temperature continues to rise as the solution boils. This will continue 
until the remaining solution is saturated. Salt will then be deposited 
and the saturated solution having a constant concentration will boil 
at a constant temperature. The rise in boiling point like the fall ini 
freezing point is proportional to the concentration of the solution. | 

QUESTIONS ON CHAPTER XX 

1. State what is meant by (a) the melting point, and (6) the 
boiling point of a substance. 

Describe briefly how you would determine the melting point of 
paraffin- wax and the boiling point of alcohol. 

2. Mercury freezes at — 30® C. and boils at 357® C. 

State how the temperature would change as time went on if 
mercury at — 42° were heated with a small steady flame until it had 
been boiling for a few minutes. 

Sketch a graph to illustrate your answer and state what deductions 
might be made from the graph. 

3. Calculate the quantities of heat required in the following cases. 
Take latent heat of fusion of ice as 80 calories per grm., the specific 
heat of ice as 0*5, and the latent heat of vaporisation of water as 540 
calories per grm. 

• ^ (i) To convert 10 grm. of ice at 0® C. to water at 50® C. 

(ii) To convert 15 grm. of ice at 0° C. to steam at 100° C. 

(iii) To convert 9 grm. of ice at — 10® C. to water at 90° C. 



246 


GENERAL PHYSICS-HEAT 


4. Calculate the resulting temperatures in the following cases. 
Take values of constants as in Question 3. 

(i) 10 grm. of ice at 0° C. added to 100 grm. of water at 40° C. 

(ii) 20 grm. of ice at — 5° C. added to 150 grm. of water at 50° C. 

(iii) 5 grm. of steam at 100° C. passed into 150 grm. of water at 15° C. 

(iv) 5 grm. of steam at 100° C. passed into a vessel containing 
20 grm. of ice at 0° C. (Neglect heat gained by vessel.) 

5. The latent heat of fusion of ice is 80 calories per grm. The 
latent heat of vaporisation of water is 540 calories per grm. Explain 
the meanings of these statements. 

Express the two quantities named in B.Th.U. per lb. Give 
reasons for your answers. 

6. Explain the following: — 

(i) Why an iceberg floats with about ir of its mass below water 

level. 

(ii) Why the air is usually very cold for miles around an iceberg. 

(iii) Why steam pipes warm a building more efficiently than hot- 

water pipes. 

(iv) Why potatoes cannot be cooked in an open saucepan at the , 

top of a high mountain. 

7. Explain the principle made use of in refrigeration, and describe 

a simple form of refrigerating machine. [L.U. 

8. 40 grm. of ice (at its melting point) is heated till it is all converted 
to steam at normal atmospheric pressure. 

State concisely what changes take place (a) in temperature, {h) in 
volume, (c) in state. 

Give any information you can concerning the quantity of heat 
required for the complete process. [L.U, 

9. Explain the meaning of latent heat, 

A closed lead pipe is full of water at 10° C. Describe and explain 
the changes which^ take place when the pipe is placed in a freezing 
mixture. [L.U. 

10. A thermometer is placed in a copper vessel which is half filled 
with small pieces of dry ice. State and explain what you would observe 
if a constant heat source such as a small Bunsen flame were placed^ 
underneath the vessel. 

* ' If you were provided with a suitable clock, indicate briefly what 

information could be obtained from the experiment. [L.U« 
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11. Define a British Thermal Unit. 

A copper vessel of mass 1*2 lb. contains 4*5 lb. of water at a tempera- 
ture of 77° F.; and when 0-78 lb. of dry ice at the melting point are 
put in, the temperature after the ice has all melted is 50° F. Calculate 
from the data the latent heat of fusion of ice in British Thermal Units 
per pound. [Sp. Ht. of copper = 0*1.] [L.U. 

12. Define the latent heat of va'porisation of water. 

Describe how you would determine this quantity experimentally. 
State the sources of error that are likely to arise in your method, 
and the precautions you would take to eliminate them. [L.U. 

13. Distinguish between specific heat and latent heat. 

A calorimeter of water equivalent 5-4 grin, contains 45 grm. of water 
at a temperature of 13° C. In this 3 grm. of dry steam at 100° C. are 
condensed. Calculate the resulting temperature of the water. [Latent 
heat of steam = 540 cal. per grm.] [L.U. 

14. Define Latent heat of fusion and Latent heat of vaporisation. 

Give the essential details of an experiment you have carried out to 

determine am of these quantities for ice or water. 

Pieces of dry ice are added to a litre of water at 40° C. ; the lowest 
temperature reached is 20° C. What ‘W'eight of ice has been melted 
^ and what is the total volume of water at the end of the experiment ? 

[L.U. 

15. Describe one experiment to show that when ice melts there is a 
change of volume, and one to show that there is absorbtion of heat. 

Explain the following observations: (a) exposed water pipes may 
be burst during a severe frost, though the burst is not usually discovered 
till after the thaw has started; (6) snow on the shady side of the garden 
may take a long time to disappear after a thaw has started. [J.M.I]^ 
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Evaporation 

Although a liquid has a definite boiling point at which it rapidly 
turns to vapour, it may evaporate ai any tem'peraiure. Water puddles 
on the roads dry up even on cold days, and liquids left in open vessels 
gradually disappear. 

A number of factors affect the rate at which evaporation takes 
place. Among the most important of these are ; 

(1) Temperature. — ^A liquid will disappear from an open vessel 
much more rapidly if it is kept warm than if it is cold, even though it is 
not raised to its boiling point. Naturally, when the liquid has its 
latent heat of vaporisation supplied to it by being warmed, it can 
evaporate more quickly than when it has to withdraw that heat 
gradually from its surroundings. 

(2) Dryness op the Air. — This is dealt with more fully later, but ^ 
it may be noted that, if two dishes of water are placed on the bench 
and one is covered with a bell-jar, evaporation takes place more rapidly 
from the uncovered one. In that case the vapour formed can rapidly 
escape from the vicinity of the dish ; but in the other case it is retained 
by the bell- jar, so that the air around the dish rapidly becomes very 
damp. 

* (3) Motion op the Air. — Washing hung out on the line dries 
more quickly on a windy day than on a still day. In the experiment on 
page 240, air was blown through the ether to make it evaporate rapidly. 
This is connected with factor 2. The motion of the air carries the 
vapour away from the liquid and brings fresh dry air into contact 
with it. 

(4) Pressure. — The effect of pressure on the boiling point of a 
Uquid has already been considered. If a strong flask containing water 
is connected to an air pump and the air pumped out of it, the water 
‘willvbe seen to evaporate very quickly under the reduced pressure. 


(6) Nature op the Liquid. — ^Under similar conditions a liquid 
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boiling point. Mercury (B.P. 357° C.) hardly evaporates at all under 
ordinary atmospheric conditions, while alcohol (B.P. 78° C.) and ether 
(B.P. 35° C.) evaporate much more rapidly than water. 

^Evaporation and Boiling 

It is instructive to heat some water slowly in a beaker and watch 
carefully what happens. As the water becomes warm, small bubbles 
will form on the bottom and sides of the beaker and escape from the 
water. These can be shown to consist mainly of air which has been 
dissolved by the water and is driven out by the heating. 

Long before the water boils, wisps of steam will be seen to rise 
frmn the surface and escape into the air, and these little clouds become 
more dense as the temperature rises. 

Finally, large bubbles are seen to form inside the liquid, to rise to 
the surface and burst, liberating large quantities of steam, and to 
. throw the whole of the liquid into violent agitation. It is only during 
the last stage that the water is said to boil. 

It has previously been noted that the temperature will rise con- 
tinuously until the boiling commences, but will then remain stationary. 
On the other hand, if evaporation takes place without heat being 
> supplied to the liquid, the temperature falls (page 240). 

From these observations the following comparison between boiling 
and evaporation can be drawn up. 


Boiling 1/. (MP 

Evaporation 

1. Takes place only at a fixed 
temperature for a given liquid at a 
given pressure. 

2. Temperature remains con- 
stant so long as liquid is boiling. 

3. During boiling vapour es- 
capes from the interior of the 
liquid. 

1. May take place at any tem- 
perature. 

2. Temperature may change 
during evaporation. 

3. Vapour escapes only from the 
surface of the liquid during evapo- 
ration. 

Vapour Pressure 


Set up two simple barometers side by side (Fig. 191). If they have 
♦ been carefully prepared the mercury will stand at the same level in both. 
By means of a small curved pipette, insert a drop of water into the 
mouth of one tube (6). It will float up through the mercury into the 
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vacuum at the top of the tube. There it will immediately evaporate. 
The mercury will be depressed a little, showing that the vapour formed 
is exerting a pressure in the space above it. 

Introduce successive drops of water into the tube and the above 
observations will be repeated, showing that as more water vapour ia^ - 
formed in the space, it exerts a greater pressure. 

Finally a stage will be reached when further drops introduced do 
not evaporate but form a water layer floating on the mercury. The 
introduction of more water at this stage does not cause further 

depression of the mercury, 
showing that no further in- 
crease in the pressure of the 
water vapour takes place. Thus 
water will evaporate into a 
space until the vapour formed 
by it exerts a certain pressure, 
and then evaporation ceases. 
The space is then said to be 
saturated with vapour, and the 
WATER pressure exerted by the vapour 
is said to be the saturation or * 
maximuTn vapour pressure of 
the liquid under the given con- 
ditions, This saturation pres- 
sure is evidently measured by 
the difference between the 
heights of the mercury columns 
in the two tubes. 

If a third barometer (c) is set 
up alongside the other two and 
qdier introduced into it instead of water, a much greater depression 
of the mercury column will be produced, showing that different liquids 
have different maximum vapour pressures under the same conditions. 


WARM 



Flo. 19J. 


192. 


Vapour Pressure and Temperature 

Fit a wide tube around the barometer tube into which water has 
been introduced, and fill it with warm water (Fig. 192). The waters 
which had remain^ liquid in the barometer tube will evaporate and 
deipiress the mercury still further. Add more drops. Sev^al of them 
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will evaporate and cause further depressions of the mercury, but 
eventually a state of saturation will be reached once more when water 
will remain liquid in the barometer space, and the pressure of the 
vapour will remain constant. If still hotter water is placed in the 
• jacket, more water will be required to saturate the space and a higher 
saturation pressure will be obtained. From this it is seen tha t_ the 
saturation va^gur pmsure oL ^ witkjdse of te mperatur ^, 

and It is clear that, in stating a saturation pressure, the temperature 
at which it was measured 
should be given. 

Vapour Pressure and Boiling 
Point 

Mercury is introduced into 
a U-tube with one short 
closed arm until the closed 
arm and the bend are com- 
pletely filled (Fig. 193). The 
pressure of the atmosphere 
down the open limb will be 
sufficient to support a column 
of mercury filling the closed 
limb. A little water is now 
run in and made to float to 
the top of the closed arm by 
tilting the tube. The tube is 
then supported in a beaker of 
water which is heated. As the 
temperature rises some of the 
enclosed water will evaporate 
and drive the mercury round 
the bend. If, at any stage, all the enclosed water evaporates, more 
must be introduced. When the water in the beaker is boiling it will 
be found that the mercury stands at the same level in both arms of 
the U-tube. This shows that the vapour in the closed arm is exerting 
a pressure equal to that of the atmosphere. Thus it is found that 
' va'pou^-'Dres sure a liami at its ^ifig ^oinlJsjB giial to 

tKe on if. This enables us to give an exact definition 

of the boiling point of a liquid. The of a liquid is the 



Fig. 193. 
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at which gftfagatipn vapour PresquTft i« 

piryiflgiirA nf 

This is explained by the observation on page 240 that during 
boiling bubbles of vapour escape from the interior of the liquid. This 
cannot happen if the pressure of the vapour in the bubbles is less than 
that of the atmosphere, as in that case the bubble would collapse under 
the external pressure. But the pressure inside the bubble cannot 
exceed the saturation vapour pressure of the surrounding liquid. 
Hence, until that liquid has reached a temperature at which its se.tura- 
tion vapour pressure equals the pressure of the atmosphere, boiling 
cannot take place. 

The connexion between these observations and the change of 
boiling point with pressure should be obvious. The U-tube experiment 
just described may be adapted for finding the boiling point of a liquid 
of which very little can be obtained. 

The presence of dissolved gas in a liquid assists the process of 
boiling. The tiny bubbles of gas provide spaces into which the liquid 
can vaporise and so promotes the formation of the vapour bubbles. 

In the absence of dissolved gas a liquid often “ boils with bumping,** 
that is, it rises considerably above its true boiling point and then a 
large volume of vapour is suddenly formed and causes a violent 
disturbance in the liquid. This is repeated time after time. It can be 
prevented, and steady boiling can be secured, by dropping a little 
porous material, such as pipeclay, into the liquid, as air is carried into 
the liquid in the pores of the material. 

Moisture in the Atmosphere 

The atmosphere always contains a certain amount of water vapour 
which varies from day to day. Usually evaporation into the air is 
taking place from exposed water surfaces. If, however, the amount 
of moisture in the air becomes sufficient to exert the maximum vapour 
pressure of water at the temperature of the air, this evaporation 
stop. If the temperature of the air then falls, the vapour in it 
ertll be exerting more than its saturation pressure for the new tempera- 
ture, and some of it will condense. 

This can usually be seen if a tumbler containing very cold water is ^ 
takep into a warm room. The outside of the tumbler is quickly 
<dciiti4^d by the condensation of water on it, since it cools the air 
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immediately surrounding it to a temperature below that at which the 
vapour present produces saturation. 

This process is largely responsible for the feeling of discomfort 
experienced in a crowded ill-ventilated room. Normally evaporation 
^ of moisture from the body is taking place, and this moisture takes its 
latent heat of vaporisation from the body, producing a cooling effect. 
If the air surrounding the body becomes saturated with moisture this 
evaporation stops and the temperature of the body rises. 

It will also be seen that the “ dryness of the air ” mentioned on 
page 248 depends on its temperature as well as on the amount of water 
vapour in it. Hot air is much less moist than cold air containing the 
same proportion of water vapour, since it requires much more vapour 
to saturate it. 

Dew Point 

If air is cooled it will always be possible to reach a temperature at 
which the moisture present just saturates it. This temperature is 
called the dew point for the particular time at which it was determined. 
Note thU 

To determine the dew point of the air of the laboratory, partly fill 
a bright tin can, a cocoa tin will do, with cold water. Insert a thermo- 
meter. Add small chips of ice, stir well, and let each ice chip melt before 
the next is added. Note the reading of the thermometer as soon as 
the outside of the tin is misted by condensed moisture. Continue the 
stirring without adding more ice, so that the water gradually warms up 
to air temperature again, and note the thermometer reading as the 
mistiness just disappears. The average of the two readings is taken 
as the actual dew point. 

Formation of Dew, Mist, Clouds, etc. 

In the section on radiation it was pointed out that the surface of 
the earth is warmed by radiation from the sun which does not heat the 
air through which it passes. When the surface of the earth is hot, the 
layer of air in contact with it will be warmed by conduction from it, 
and then convection currents will spread this heat through the lower 
^ layers of the atmosphere. Conversely, during the night, the surface of 
the earth tends to lose heat by radiation into space. This radiation 
does not heat the air as it passes through it, but the air in contact with 
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the earth's surface will lose heat by conduction to the earth and so 
be cooled. 

(1) Dew and Mist. — If the air in contact with the ground is cooled 
by the above process until it is below its dew point, moisture will be - 
condensed and deposited on the cold surfaces. Thus dew is formed. 
If the cooling is very rapid and extends for a considerable distance 
from the surface of the ground, tiny drops of moisture will be condensed 
throughout the mass of cooled air and a mist results. Dew is usually 
more copious on grass than on surrounding surfaces because the grass 
itself tends to give off water vapour, and if the air above it is already 
saturated this vapour is condensed as it enters the air. The conditions 
which favour the formation of dew and mist are : — 

(a) The air should contain a lafge amount of moisture so that little 
cooling will bring it to its dew point. 

(b) The sky should be cloudless. This favours radiation from the 
earth. Clouds have a blanketing effect and tend to reflect radiation 
back to the earth. 

(c) The air should be still. If a wind is blowing the air in contact 
with the earth's surface is constantly being changed and no portion of 
it remains in contact with the earth long enough to be cooled to its 
dew point. 

(2) Hoab Frost. — In very cold weather hoar frost may be formed 
on the ground instead of dew. This may happen in two ways. Firstly, 
dew may be formed and then frozen owing to a further fall of tem- 
perature. If, however, the air is very dry, it may not have a dew 
point above freezing point, and so is stiU unsaturated when cooled 
to the latter temperature. Cooling below freezing point will produce 
saturation at some point, and if the cooling proceeds beyond that point, 
some of the moisture must condense. Since it is already below its 
freezing point it condenses as particles of ice instead of as drops of water. 

(3) Clouds. — The formation of a cloitd, like that of mist, is due to 
a btge mass of air being cooled below its dew point, but *^^he cooling is 
"lacoduced in a different way. 

If you open the valve of an inflated cycle tyre and hold your finger - 
^ tjie escaping air you will find that it is very cold. The expansion 
without heat being supplied to it always has a cooling effect. 
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When damp air rises, either as a convection current or through a 
wind being deflected upwards by a hillside, it expands because the 
pressure on it is falling. This expansion produces cooling, and if the 
air is cooled below its dew point, condensation will take place. The 
•‘•condensed particles may be very small so that they tend to fall very 
slowly, and the movements of the air may keep them suspended for a 
long time. 

(4) Rain and Hail. — When the tiny droplets in a cloud run 
together to form large drops which are too heavy to be supported by 
the movements of the air rain occurs. Hail is formed by rain drops 
passing through very cold layers of air on their way to the ground 
and becoming frozen. 

(5) Snow. — Snow is formed under conditions similar to those for 
the formation of hoar frost. That is, vapour is condensed directly to 
ice crystals in a layer of air where the dew point is lower than freezing 
point. As these crystals fall through other layers of moisture laden air, 
further crystals condense on them forming a mass of crystals with a 
large amount of air entrapped between them. 

^ (6) Fog. — Fog is formed when a large mass of air containing dust 

is cooled below its dew point. The dust particles form surfaces on 
which the condensed moisture collects and continue to float in the air. 

Hygrometry 

The measuremen^of the dan^ the air is termed hygrometry, 

and it is an important factor in weatEer forecasting. nP'roin**?EeTore 
going it should be clear that the nearness or otherwise of a state of 
saturation in the air is of more importance than the actual amount of 
moisture present. Hence the fraction 

Mass of water vapour present in a given volume of air 
Mass required to saturate that volume at air temperature 

is taken as measuring the hygrometzic state or rdative humidity of the 
air. That fraction multiplied by 100 is termed the percentage relative 
humidity. The mass of vapour present in a given volume will be 
proportional to its pressure, so relative humidity (R.H.) may also be 
4 expressed as; — 

_ Pressure of vapour present in the air ^ 

Saturation pressure at air temperature 



256 


GENERAL PHYSICS— HEAT 


Further, the vapour actually present produces saturation at dew 
point, so the above can be expressed as: — 

R H Saturation pressure at dew point 

Saturation pressure at air temperature ^ , 

The latter expression is generally used in determinations of relative 
humidity. Tables have been constructed giving the saturation pres- 
sures of water vapour at various temperatures. Hence the relative 
humidity of the air may be found by noting the temperature of the air, 
determining the dew point by the method given on page 253 and 
looking up the corresponding saturation pressures from the tables. 
For example, on a certain day the temperature of the air was 16° C. 
and the dew point was 6° C. Tables give saturation pressures of 
aqueous vapour as 13*64 mm. at 16° C. and 7*01 mm. at 6° C.; 

7*01 

Percentage relative humidity = ^ x 100% = 51*4%. 

This means, that the air was a little more than half saturated. 

Instruments designed for the accurate determination of dew point 
are known as hygrometers. One of the simplest is that due to Regnault 

illustrated in Fig. 193 (a). It con- 
sists of two wide tubes, each 
having a polished silver thimble 
fitted on its lower end. The one 
on the left contains a quantity of 
ether into which the bulb of a ther- 
mometer dips, and is fitted with 
tubes as shown so that a current 
of air can be drawn through the 
etlier causing evaporation and 
consequent cooling. This cools 
the air surrounding the tube and 
when the layer of air in contact 
with it is cooled to dew point 
moisture will be deposited on the 
silver thimble and dim its surface. 
The temperature of the ether is * 
then read. The stream of air is 
then stopped and the ether gradu- 
Fia. 193 (a), ally warms up to air temperature. 
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The thermometer is read again when the dew disappears from the silver 
surface and the average of the two temperatures recorded is taken as 
the dew point. The tube on the right contains no ether so the surface 
of its silver thimble remains bright throughout the experiment and by 
lomparison makes it easier to see the clouding of the 
other surface immediately it takes place. The air tem- 
perature at the time of the experiment can be read from 
the thermometer in the right-hand tube. 

Wet and Dry Bulb Thermometers 

The hygrometric state can be determined by using a 
pair of thermometers, one of which has its bulb surrounded 
by cotton fabric which dips into water (Fig. 194). Water 
evaporates from the fabric around the bulb, withdrawing 
latent heat of vaporisation from the thermometer and so 
causing it to give a lower reading than the dry bulb 
instrument. The drier the air, the more rapidly does this 
evaporation take place and the more the wet bulb reading 
is depressed. Thus a big difference between the readings 
of the two thermometers indicates dry air, while a small 
^ difference indicates that the air is nearly saturated. Special Fiq. 194 . 
tables are obtainable which enable the pressure of vapour 
present in the air to be determined from the air temperature and the 
difference between the wet and dry bulb readings. 

It is not necessary to go into details of these special tables in this 
book: if you are interested, look up GlauheVs Factors, Smithsonian 
Table or Ajjjohn's Formula in some advanced book on Heat. 

QUESTIONS ON CHAPTER XXI 

1, Explain the process of evaporation and distinguish between 
evaporation and boiling. 

State factors which affect (a) the rate of evaporation of a liquid, 
(b) the temperature at which it boils. [L.U. 

2. Explain each of the following: — 

(i) Wet clothes usually dry more quickly on a warm day than on 

^ a cold day. 

(ii) They dry more quickly on a windy day than on a still day. 

(iii) They dry very slowly on a rainy day even if kept indoors . 
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3. Explain (a) why warm moist air causes more discomfort than 
hotter dry air, (6) why petrol spilled on the hand feels colder than water 
at the same temperature, (c) why it often rains on the windward side 
of a range of hills when it is fine on the other side. 

4. State and explain what would be the eflPect on the readings of V 
barometer if (a) a few bubbles of air, (6) a little water were left in the 
tube. How could you find out whether it was air or water in the space 
at the top of the tube of a barometer showing these effects ? 

5. What is meant by saturation vapour pressure ? 

Describe one experiment to Verify the statement that the saturation 
vapour pressure of water at the temperature at which water boils is 
equal to the atmospheric pressure. 

Explain clearly the difference between evaporation and boiling. 

[J.M.B. 

6. Describe the various observations which may be made if water 
in a beaker containing a thermometer is slowly heated until it boils. 
Hence show the differences between evaporation and boiling. 

Some alcohol (B.P. 78® C.) was heated in a flask and the temperature 
rose to 81® C. There was then a large burst of vapour from the alcohol 
and the temperature fell to 78® C. Explain these observations and 
state how the alcohol might have been made to boil steadily at 78® C. 

7. Water is introduced, drop by drop, into the space above the 
mercury in a barometer tube until a liquid film forms on the surface 
of the mercury. State and explain carefully what happens during this 
procedure. 

Describe further what will occur if the barometer tube is surrounded 
by steam, there being always sufficient water in the barometer tube to 
maintain a liquid film on the top of the mercury column. [L.U. 

8. Describe an experiment to show that the temperature at which 
water boils depends on the pressure on the water. 

Describe how you would determine the normal boiling point of a 
liquid of which only a small quantity was available. How would you 
modify your observations when the atmospheric pressure during the 
experiment was 74 cm. of mercury ? [J.M.B. 

■9. Why is the temperature recorded by a thermometer usually 
lowered when a piece of damp muslin is wrapped round the bulb 
(called a wet-bulb) ? 

^ Describe an experiment in support of your explanation. 

On what does the extent by which the temperature is lowered 
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Is it possible for such a “ wet bulb ” not to be lowered in tempera- 
:ure ? Give reasons for your answer. [J.M.B. 

10. A woollen fabric when immersed in a highly volatile liquid, such 
IS petrol, for cleaning purposes and afterwards hung in the air becomes 
covered with hoar frost. Explain fully, with reasons, why this occurs. 

[L.U. 

11. What do you understand by the percentage or relative humidity 

jf the atmosphere ? Describe how the dew point is determined and 
low from a knowledge of this temperature the percentage or relative 
lumidity may be obtained. [L.U. 

12. Explain the formation of dew, pointing out the conditions most 
favourable for its deposition. 

A deposition of moisture is found sometimes on the inside and 
jometimes on the outside of a window pane. Explain the conditions 
inder which these deposits are likely to occur. [L.U. 



CHAPTER XXII 

MECHANICAL EQUIVALENT OF HEAT 


The performance of work against opposing friction is always 
associated with the production of heat. Machine bearings, if not well 
lubricated, become very hot; water is run on to a grindstone to prevent 
excessive heating of the metal being ground; and primitive man 
usually obtained fire by utilising the heat produced when pieces of 
wood are rubbed together. 

Heat is also produced when work is done in compressing a gas, as 
may be noticed from the rise in temperature of a bicycle pump when a 
tyre is being blown up. Conversely, when a gas expands, and thereby 
does work against the pressure on it, as was noticed in the last chapter, 
heat disappears and the gas is cooled. 

An electric lamp or electric fire illustrates the fact that electrical 
energy may be used to produce heat, while the thermopile (page 204) 
shows that heat may produce electrical energy. 

Heat is also frequently produced when kinetic energy disappears. 
If a nail on an iron anvil is continuously hammered with a heavy 
hammer it becomes very hot. 

These illustrations support the view that heat is a form of energy 
since, apparently, various forms of energy may be transformed into 
heat, and heat may be transformed into other forms of energy. 

Caloric Theory 

Early investigators of heat considered that it was a material fluid, 
called caloric, which flowed from one body to another. The flow of 
heat into a body did not increase its weight, so caloric had to be con- 
sidered to be weightless. Much of what has been dealt with in 
previous chapters is most readily described by thinking of heat flowing 
from one body to another, and the caloric theory was useful in develop- 
ing ideas of definite quantities of heat, specific heats, etc. 

Count Rumford 

Count Rumford was an American engineer who, about 1798, was 
apjit^ted by the Elector of Bavaria to superintend the boring of 

2«0 
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cannon. He was impressed with the great amount of heat which was 
liberated during the boring, and felt that explanations based on the 
caloric theory were unsatisfactory. 

One of these explanations was that during the boring heat flowed 
into the metal from its surroundings. Rumford arranged for a piece 
of metal to be bored while it was immersed in a tank of water. The 
water was quickly brought to boiling point, indicating that the metal 
gave heat out to its surroundings instead of receiving heat from them. 

Another explanation was that the boring altered the thermal 
capacity of the metal. If the thermal capacity were reduced, the heat 
already present would raise the metal to a higher temperature. 
Rumford disproved this by showing that the specific heat of the chips 
bored out was the same as that of a piece of the metal before boring. 

Further, by using a blunt borer, Rumford showed that a great 
quantity of heat could be produced when only a little metal was 
removed by it, and that, apparently, this production of great quantities 
of heat could be continued so long as the boring continued. On the 
caloric theory a point should have been reached when the metal had 
been “ emptied ” of heat and no more could be got from it. 

As a result of these experiments Rumford came to the conclusion 
that the caloric theory was not true, and that heat was probably a form 
of energy. 

Sir Humphry Davy 

A year or so later Sir Humphry Davy came to similar conclusions 
after experiments in which blocks of ice were rubbed together. He 
found that the blocks melted when rubbed together. This happened 
even when they were rubbed by mechanical means in vacuum, so that 
heat could not flow in from the surroundings. Moreover the thermal 
capacity of a mass of water was known to be greater than that of an 
equal mass of ice, so as there was no fall of temperature, the water 
produced must have contained more heat than the original ice. 

James Prescott Joule 

If heat is a form of energy, transformations between heat and other 
^orms of energy must be subject to the law of conservation, "hat is, 
the quantity of heat produced and the quantity of mechanical energy, 
electrical energy, or other form of energy producing it must be equi- 
valent. It follows from this that there must be a fixed quantity of 
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mechanical energy which will always produce 1 unit of heat if trans- 
formation is complete. This was verified by James Prescott Joule 
who announced his results in 1843. 

Joule’s apparatus is illustrated in Fig. 195. A calorimeter contain- 
ing water was fitted with paddles on a spindle which could be turned* 
by two falling weights attached to strings wrapped round a drum 
connected with the spindle. The calorimeter, as indicated in the 
lower sectional drawing was divided into compartments by a number 
of baffle plates through which the paddles would just pass. Thus the 



Pig. 195. 


water could not be set into a swirling motion and so gain kinetic energy 
when the paddles rotated and work would be done by the paddles 
against the resistance of the water. The drum could be disconnected 
from the spindle while the weights were being wound up, so that work 
"^ipras done on the water only when the weights were falling. 

A known weight of water was placed in the calorimeter, the watej 
equivalent of which was known. The temperature was taken by 
means of a thermometer passing through the cover of the calorimeter. 
The |r|^hts were wound up, the spindle connected, and the weights 
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allowed to fall driving the paddles through the water. This was 
repeated a number of times and the temperature of the calorimeter 
rose. The distance through which the weights fell each time was 
measured. 

SuppoLse each weight had a mass of M lb., and that they fell d feet 
each time and were allowed to fall n times. Then the loss of potential 
energy each time they fell was 2Md foot-pounds, and the total loss of 
potential energy was 2M.dn foot-pounds. If the mass of water plus 
the water equivalent of the calorimeter was W lb., and the rise of 
temperature f F., the quantity of heat generated was Wt 
British thermal units. Hence it could be said that the dis- 
appearance of 2Mdn foot-pounds of energy resulted in the 
production of Wi British thermal units. Therefore 1 British 

thermal unit would be produced by foot-pounds of 

energy. In a large number of experiments Joule found a 
practically constant value for this expression, and so 
established the equivalence of heat and mechanical 
energy. 

The number of nmehme^ of enerjgy that can he 
^coOTCTt^ hitplX iwat. of heat is jjaUed 
eg^uyaJfint ottoeat 9X Joule^s EquiYai^nt; The valiio J'bulo 
found for it was 772-7 ft.-lb. per British thermal unit. 

Later and more accurate work gives the value 778 ft.-lb. 
per British thermal unit. Expressed in metric units the 
mechanical equivalent of heat is 4-18 x 10^ ergs per calorie. 

In formulae this constant is generally represented by J, so 
that provided corresponding units are used for H, E, and 
E 

J, we may write H = ^ or E = JH, where H and E are 
J 

equivalent quantities of heat and mechanical energy. 



Fig. 196. 


Laboratory Method of Finding J 

Fit a long, wide tube with a cork at each end (Fig. 196). Weigh 
out about 200 grm. of lead shot and pour it around the bulb of a 
thermometer in a beaker to take its temperature. Then place it in 
“^he tube. Measure the distance marked h in Fig. 196. Note that this 
is the average distance the shot will fall if the tube is inverted. Now 
invert quickly 50 times taking care that the tube is brought upright 
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and the shot fall the whole length of the tube at each inversion. Quickly 
pour the shot round the thermometer bulb again and take its tempera- 
ture which will be found to have risen. A typical result is given below — 

Wt. of shot = 200 grm. 1st temperature = 16® C. 

Distance fallen each time = 98 cm. Number of times fallen = 50. 
2nd temperature = 20° C. 

Since the specific heat of lead = *03, 

Heat gained by the lead = 200 x 4 X *03 calories. 

Loss of potential energy each time the lead fell = 200 x 93 X 980 ergs; 
Total loss of potential energy == 50 X 200 X 98 X 980 ergs. 

/. 1 calorie is equivalent to 200 x^Tx^O^ — 


4802000 
~ * 12 “ 


4*802 

= X 10’ ergs. 


t.e. 1 calorie is equivalent to = 4*002 x 10’ ergs. 

It will be noted that the lead really need not be weighed since its 
mass occurs in both numerator and denominator of the above fraction. 


Steam Engines 

Joule’s equivalent is of fundamental importance to engineers since 
most engines are contrivances for converting heat into mechanical 
energy for doing work. Thus in a steam engine the combustion of the 
fuel in the furnace converts a quantity of chemical energy into heat 
and results in the production of gaseous products of combustion at a 
very high temperature. These hot gases flowing through the boiler 
tubes transfer much of their heat to the water in the boiler and so 
generate steam at high pressure, thus converting much of the heat 
into potential energy. By means of valve mechanism a quantity of 
this high pressure steam is admitted into the cylinder and the supply 
is then cut off. The steam expands and falls in pressure, driving the 
piston along the cylinder. Thus its potential energy is transformed 
into kinetic energy in the moving parts of the engine. 

Most modem steam engines are “double acting,” that is the steam 
is admitted alternately on the two sides of the piston. Thus the^, 
^panding steam on the one side drives out the steam on the other 
cdd^'l^rough an exhaust valve which is connected to a condenser. The 
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condensing of the steam on the exhaust side reduces the pressure on 
that side below that of the atmosphere and so allows a bigger expansion 
of the working steam than if its pressure were only allowed to fall to 
that of the atmosphere. 


Example. — Whai minimum weight of coal of calorific value 11,000 
B. Th. U. per pound must be burned per hour in the furnace of a locomotive 
working at 100 hp.? Assume a 50 per cent, mechanical efficiency and 
neglect heal losses. 


100 h.p. is a rate of working of 100 X 550 ft. -lb. per sec. ; 

Energy output of engine per hr. = 100 X 550 x 60 X 60 ft.-lb. 

As mechanical efficiency is 50 per cent., 

Energy supplied per hr. = 100 X 550 X 60 x 60 X 2 ft.-lb. 

_ . . . . 100 X 550 X 60 X 60 X 2^,_, .. 

This IS equivalent to B.Th.U. 


/. Weight of coal burned per hr. 


100 X 550 X 60 X 60 X 2 
7"78’^TI(X)b 


= 46 lb. (approx.). 


Actually considerably more than this would be required, as there 
are very great heat losses. The gases from the furnace are still hot 
when they have passed through the boiler and escape up the chimney. 
There is a certain amount of radiation from both furnace and boiler, 
and the steam is not reduced to air temperature when it has finished 
expanding in the cylinders. The output of a steam engine is only the 
equivalent of 10 to 12 per cent, of the heat supplied to it. 


Internal Combustion Engines 

These have a greater thermal efficiency than steam engines since 
the fuel is actually burned in the cylinders, and losses in transferring 
the heat from the point where it is produced to the point where the 
work is to be done are avoided. 

In a four-stroke petrol engine, the first down stroke of the piston 
draws a mixture of air and petrol into the cylinder. The next upstroke 
Compresses this mixture which is then exploded by an electric spark. 
The great heat developed raises the gaseous products of the explosion 
to a very high pressure which drives the piston down. As the piston 
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comes up again it sweeps the used gases out of the cylinder. These 
four operations are then repeated. 

In the Diesel engine air only is drawn in by the first stroke. This 
is compressed by the next stroke, towards the end of which oil is forced 
in under pressure. The heat generated by the compression of the air' 
ignites the oil and no magneto or coil is needed. The next two strokes 
are similar to those of a petrol engine. 

Even in internal combustion engines there are considerable heat 
losses as the exhaust gases are still at a high temperature when they 
leave the cylinders and much heat is conducted and radiated from the 



ARROWS STOW PATH OF STEAM 

Fig. 106 (a). 


engine. The output of a petrol engine is equivalent to about 25 per 
cent, of the heat sujiplied, and that of a Diesel engine about 35 j[)er cent. 

Steam Turbines 

In many steam engines nowadays the turbine arrangement is 
used instead of the cylinder and piston. Here again the heat produced 
by burning, th(i fuel generates high pressure steam. This is admitted into 
one end of the stator, a fixed casing [Fig. 196 (a)\ Its expansion as it 
enters gives it a considerable velocity so that some of its potential energy 
is transformed into kiiuitic energy, A ring of fixed vanes inside the^ 
stator deflects the steam so that it strikes a ring of other vanes on the 
xotio^ the rotating part, at a suitable angle and some of its kinetic 
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energy is transferred to the rotor making it rotate. The rotor vanes 
deflect the steam to another set of stator vanes which in turn deflect 
it on to further rotor vanes, and these processes are repeated a number 
of times. The stator casing widens out from the end where the steam 
inters, allowing the vanes to be made larger as the distance from the 
steam inlet increases. Thus as the steam passes from between one set 
of vanes to the spaces between the next set there is further expansion 
and more of its potential energy is transformed into kinetic energy. 
By the time the steam reaches the far end of tlie stator a large proportion 
of its energy has been so transformed and transferred to the rotor. 
Such turbine engines have a considerably higher efiiciency than the 
cylinder and piston type. 

Kinetic Theory 

Many of the matters dealt wdth in preceding chapters are explained 
by a theory of matter known as the Kinetic Theory. This theory 
accepts the idea of the atomic and molecular structure of matter but 
makes the following imj)ortant additional assumptions: — 

(1) The particles constituting any portion of matter are not in 
- contact but are separated by distances larger than the actual diameters 

of the particles. 

(2) These particles mutually attract one another with forces which 
become smaller as the distances between the particles increase. 

(3) The particles are in continuous movement and thus possess 
kinetic energy. 

(4) Heating a body usually increases the velocity of motion of its 
particles and hence their kinetic energy, i,e, the heat energy supplied 
is converted into kinetic energy of motion of the particles and the 
temperature of the body corresponds to a definite average kinetic 
energy of those particles. 

Solids, Liquids, and Gases 

It has already been noted that these are three states of matter and 
that a substance may be changed from one state to another by heating 
or cooling and that absorption or liberation of latent heat takes place 
^during the process. 

In the solid state a body has a definite volume and is almost incom- 
pressible, t.e. extremely large pressures are needed to reduce its volume 
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appreciably. It also has a definite shape independent of the space in 
which it is placed and usually considerable force is needed to separate 
portions of it. Because of the last property it is said to possess con- 
siderable cohesion. In the liquid state also matter possesses a definite 
volume and has little compressibility, but it has no definite shape and 
automatically takes the shape of any vessel into which it is placed. 
Also a liquid shows much less cohesion than a solid. In the gaseous 
state matter has neither fixed volume nor fixed shape. A quantity of 
gas introduced into any closed space immediately spreads out to fill 
the whole of that space. Also a gas shows considerable compressibility, 
obeying Boyle’s Law, and has practically no cohesion. 

The differences in compressibility indicate that the particles are 
much more closely packed in solids and liquids than in gases, and more 
closely in solids than in liquids. In solids the distances between 
particles are so small that the forces of mutual attraction are very great, 
making it difficult to move one particle bodily away from the others 
and so giving great cohesion. Also, particles do not easily move from 
place to place within a solid and the motion of each is a vibration around 
a mean position. In a liquid the greater distance apart of the particles 
reduces their mutual attraction and particles are free to move from place 
to place and are constantly shooting in all directions within the liquid. 
This freedom of movement accounts for the liquid immediately taking 
the shape of its containing vessel. But particles cannot easily escape 
from the liquid. Particles on the free surface are attracted by the 
particles below them and there is no corresponding upward force so 
they tend to be pulled inwards. It is this inward pull on surface particles 
which gives rise to surface tension. In gases the particles are so far away 
from each other that their mutual attractions are negligible and each 
particle is perfectly free to move so that they will s{)read into any free 
space offereci to them. These free movements of particles in liquids 
and gases explain the phenomena of diffusion described in Chapter XIII. 

Latont Heat 

In a change of state from solid to liquid or liquid to gas the particles 
of the substance are driven further apart and hence work is done 
against the attractive forces between them. Part of the heat energy 
supplied is used in doing this work instead of increasing the kinetic"* 
of particles and hence that quantity of heat does not result 
in a nse of temperature of the substance. 
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Evaporation 

It was mentioned in an earlier paragraph that particles cannot 
easily escape from the free surface of a liquid, but some do escape and 
so cause evaporation. In a liquid, and in a gas, though the particles 
■®W1 have a constant average kinetic energy at a constant temperature, 
all do not have the same kinetic energy. Owing to constant collisions 
with one another the velocity of some is increased and that of others 
decreased. Some particles shooting towards the surface will break 
through it, but immediately they do so the attraction of the remaining 
liquid will tend to pull them back and most will return to the liquid. 
The distance through which this retaining attraction is appreciable is 
quite small and if an esca})ing particle has sufficient velocity to carry 
it beyond this range of attraction it will become free of the effect of 
the bulk of the liquid and become a gas particle free to move in space. 
Since rise in temperature increases the average velocity of the particles, 
it increases the number with the necessary velocity for escape and so 
increases the rate of evaporation. Those particles with the most kinetic 
energy will be the ones most likely to escape and their loss results in a 
lower average kinetic energy of the particles in the bulk of the liquid. 
This explains the cooling due to evaporation when heat is not supplied 
^rom outside the liquid. 

The kinetic theory also explains the phenomenon of vapour satura- 
tion. If a liquid is evaporating into a closed space the evaporated 
particles are constantly having their directions of motion changed by 
collisions with one another and with the walls of the containing vessel. 
In time this will direct some of the particles towards the liquid surface 
and when they enter the range of attraction they will be pulled back 
into the licjuid. At first there are very few particles in the space above 
the liquid and so their rate of return is lower than that of escape, and 
the concentration of particles in the gas space increases and raises the 
pressure in that space. This increases the rate of return and when a 
certain concentration has been reached in the gas space the number of 
particles returning to the liquid in a given time will be equal to the 
number escaping during that time. Hence the concentration and 
pressure of the vapour particles becomes constant. Raising the tempera- 
ture of the liquid increases the escape rate and so a higher concentration 
Q^d pressure of vapour must be reached to restore equilibrium. In 
this connexion it should be noted that the pressure exerted by a gas 
arises from the bombardment of the retaining surfaces by the gas particles. 
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Ck)oliiig of Gas Expansion 

Although the particles of a gas are so far apart that their mutual 
attractions have little effect on their movements, such mutual attrac- 
tions are not altogether absent and when a gas expands work has to be 
done against these forces in increasing the distance apart of the particles ' 
If heat is not supplied from outside, the energy for doing this work is 
supplied from the kinetic energy of the particles themselves. Thus 
their average kinetic energy is reduced and there is a fall in temperature. 


QUESTIONS ON CHAPTER XXTI 


Take the mechanical equivalent of heat as 778 ft. -lb. per B.Th.U. or 4*2 x 10’ 
ergs per calorie, and g as 980 cm. (per sec.)*. 

1. What was the caloric theory and what is the theory which has 
displaced it? 

Briefly describe the part played by Rumford and Davy in disproving 
the caloric theory. 

2. Describe Joule’s experiment on the conversion of mechanical 
energy to heat. What was the special importance of his experiments? 

3. What is meant by the mechanical equivalent of heat? 

If a piece of lead (specific heat 0-03) falls a distance of 80 ft., how 
much will its temperature rise on striking the ground? Assume that 
50 per cent, of the heat generated remains in the lead. 

*4. A waterfall is 250 m. high. Assuming that the water retains 
75 per cent, of the heat generate at the end of its fall, find how much 
the temperature of the water at the foot of the fall is above that of the 
water at the top of the fall. 

5. Explain what is meant by the statement that “heat is a form 
of energy.” Describe two experiments to illustrate the truth of this 
statement, one of the experiments being of such a nature that a quanti- 
tative relation between heat and energy can be obtained. [L.U. 

6. Define a unit quantity of heat and a unit of work. 

Describe an experiment with which you are acquainted to show 
that when heat is produced by the expenditure of work there is a 
definite numerical relation between the amount of work performed 
and the quantity of heat produced. Show how this relation is deduced 
■ , from the observations made. [L.U. 

^ 7* experiments which illustrate that heat is a form of 

meaning of the statement that the “Mechanical 
^^g^K^lent of heat is 4*18 joules per calorie.” 



SECTION III— LIGHT 
CHAPTER XXIII 
PROPAGATION OF LIGHT 

We know that- for objects to be visible the presence of light is 
necessary. We are becoming familiar with photo-electric arrangements 
by which light sets various mechanisms in operation. This suggests 
that light is a form of energy. There is additional evidence for this in 
the fact that light can promote chemical actions such as the changes in 
the coating of a photographic film when it is exposed. 

We may therefore describe light as th(d form of energy which affects 
the eye in snch a way as to produce the sensation of sight, Tn Chapter 
XXXI. it is shown that this energy is transmitted by radiation. 


Luminosity 

^ Some bodies^ such as the sun^ a candle flame, or the glowing filanieflj ; 
of an electric lamu. emit light which they, themselves prodncp, 
bodies are said to be luminous. Others, such as a brick or a 
do not produce light, and are non-luminous . Luminous bodies are seen 
when light which they give out enters the eye. Non-luminous bodies 
become visible only when light from luminous bodies falls on them. 
Thus a brick in a closely shuttered room is invisible, but becomes 
visible when an electric lamp is switched on in the room. In the latter 
case, light from the lamp falls on the brick and some is thrown off again 
from its surface. If some of this light enters the eye the brick is seen. 
It should be noted that every case of seeing involves the entry into the 
eye of light coming from the object seen. 


Transmission of Idglit 

Some substances, such as glass and clear water^ transmit moat 
tl ^ Tight falling on them in such a wav that objects may be seen quite 
n ii^rly through them. They are said to be tra nspaim tT Oth<»rH. f^uch 
^ wood andLWtals. aUow M Iiglit to pass t hrough theni and^e 

jp anue, A third class allows the passage of light but p such^ ,.. 
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Fig. 197. 


are said to be translu- ' 
cent. Examples of 
translucent substances 
are ground glass, tissue 
paper, waxed paper. 


Rectilinear Propagation 

One of the most 
obvious properties of 


light is that beams of light travel in straight lines. Beams of sun- 
light passing through gaps in clouds, and beams from searchlights, 
pocket torches, or car headlamps may all be observed to have straight 
boundaries. Also, without some arrangement for redirecting the light 
from them, we cannot see objects round corners which would be 


possible if light could follow curved paths. 

) Fig. 197 illustrates a definite experiment to demonstrate that light 
ttavels in straight lines. 


Each of two sheets of 
cardboard is pierced by 
a small hole and placed 
near a candle flame. 
It will be found that 
the flame is visible 
through both screens 
only when it is on the 
straight line which 
jpasses through the two 
holes. 



^buidows 


Fid. 198. 


The formation of 

shadows of opaque objects is further evidence that light travels 
hues. If, in a darkened room, such an object is placed 
^ irlute ^reen and a very small source of light, such as a 
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pocket torch lamp without either lens or reflector, a clear shadow, 
of the same shape as the object but larger than it, will be seen on 
the screen. The identity of shape and the sharpness of the edge of 
the shadow indicate that the beams of light which pass the edge of the 
object do not bend into the space behind it. 

Further, if the distance between the lamp and the object is increased, 
the shadow becomes smaller, while, if the distance between the object 
and the screen is increased, the shadow becomes larger. All these 
observations may readily be explained from Fig. 198 in which it is 
assumed that light spreads in straight lines in all directions from the 
small source of light. 

Fit an electric lamp inside a box. Cut a hole in the front of the box 
and cover it with tissue paper. When the lamp is switched on light 



will spread out from each point on the paper over the hole which may 
thus be regarded as a source of light larger than a point. If an opaque 
object is placed between this source and a screen, a shadow with a 
perfectly dark centre surrounded by a less dark region will be formed. 
The totally dark part is called the umbra of the shadow^ and the 
tlv dark part is its penumbra . 

the object is larger th an the source of l ight, t he umbra will be 
^haln. i£i!Qb^eck..wd increase in size as the screeials^fil^^ 
from the t^eiSy Fig. 199 illustrates the formaSo^ such a 
shadow. No light spreading from point a can reach the screen between 
the points x and y. Similarly no light from 6 can reach the part of the 
screen between p and q. Hence the part of the screen between x and q 
receives no light from any part of oh and is totally dark. Light from 
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the upper part of ah but not from its lower part can reach px which is 
thus less brightly illuminated than the part of the screen above p 
but is not in total darkness. Similar remarks apply to qy. The part 



of the figure on the right shows the appearance of the shadow, taking 
into account the solidity of the arrangement which is only shown in 
section in the main diagram. 

If the source of light is larger than the object, the umbra will be 
smaller than the object, and when the screen is moved sufficiently far 
back, it will disappear altogether, the whole shadow becoming penumbra, 
this is illustrated in Fig. 200. No light from any part of the source 
could penetrate into the cone zxy. Any point in the lightly shaded 
portion of the diagram would receive light from some part of the 
source but not from all of it. Thus, on a screen placed at Sj there 
would be seen a small umbra surrounded by a wide penumbra. If 
the screen were moved back to Sj, the umbra 
would be reduced to a point, while at S 3 
there would be no umbra at all. 

It is useful to consider what would Ite 
visible from various parts of Fig. 200. An 
eye within the cone zxy could not receive 
light from any part of ah, the whole of which 
therefore, be obscured by xy. At P no light from the lower^ 
of the source could be received, but some of the upper part 
be visible. Pig. 201 (a) illustrates the appearance of oh from 




tb) 


Fig. 201. 
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P, taking into account the solidity of the arrangement. At 0 no light 
could be received from the central portion of ah, but both upper and 
lower portions would be visible. Taking into account solidity, this 
means that the central portion of ah would be obscured, but that a 
•right ring would be seen surrounding this dark portion, as shown in 
Fig. 201 (6). 

Eclipses 

The sun is a luminous body, and the earth and the moon are non- 
luminous bodies. Moonlight is light from the sun which has been 
reflected by the surface of the moon, so that only those parts of the 
moon on which the sun’s light is falling are visible. This explains the 
phases of the moon. At new moon the moon ^is between t he sun and 
th e earth, so that its illuminated side is turned awayTfoinTlie earth. 
At full moon the moon is on the op posite side jof the earth to the SUJft, 
so that the whole of its illuminated side is visible from the earth. The 
sun is larger than cither the 
earth or the moon, so both 
the latter bodies cast 
shadows into space of the 
«>type shown in Fig. 200. 

(1) Eclipses op the 
Moon. — At full moon the 
moon may enter the 
earth’s shadow (Fig. 202), and any part of it which passes through 
the umbra of that shadow will be obscured as the light from the sun 
will be cut off from it. If the three bodies are directly in Hne when 

jmoon pataeSLlJimHgki&el'itLadQ^lE^^^ 
umbr a bo that th e moon willJie nnmpletelp^ nharni-ad. yiviny a 

nf linp . .nnly .. pnxfc . kMt.bft . nMo a.3^ 

entg r thfL Um brn nnfl he nhacMrad y ' pn.rti.nl be observe^^ 

tJaually, at full moon they are so much out of line that the moon does 
not touch the earth’s shadow, and no eclipse takes place. 

(2) Eclipses of the Sun. — ^At new moon the earth may pass 

through the moon’s shadow so that parts of the sun, will be obscured 
to observers on the earth. Since the earth is larger than the moon 
lihe whole of it cannot pass through the umbra. At points of the ea rth 
wLi’nL within. Jfchfi nnr^bra Fi g. 203;, the whole of t ^^^ 

T^Vli Ir^ o. tn/nJ will be y^servcd. At pkeefl which 



Fig. 202. 

EcLirsB or the Moon. 
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only pass thronfh the peimmbra part of the ami will always be visible, 

and C, Fig. 203). 

The distance between the earth and the moon varies, so that 
sometimes during eclipses parts of the earth pass through the part of 



Fig. 203. Eclipse of the Sun. 

moon’s shadow corresponding to the region in' Pig. 200. As 
explained on page 275, at such places the centre^ of the sun will be 
obscured but a bright ring will be seen surrounding the central dark 
portion, ^ch jEilLficlipae is.4aid tg. be^an%i^^r ^(J^atin onnuZt^s^ a ring ]. 
Owing t o the fact that Jhjg^ihree bodies flijm 
c ^sionallk .j[^ at new^moon. 

Pinhole Images 

Remove the lid of a cardboard box and paste tissue or grease-proof 
paper in place of it. Prick a small hole in the centre of the opposite 
side of the box. Point the hole at a lighted lamp in a dark room. 
An upside down (inverted) image of the lamp will be seen on the paper. 



FfCk 204. The dotted lines show two bays from the sun proceeding to 

AN OBSERVER ON THE EARTH. 

3!he formation of this image is iUustrated in Fig. 205. Beams of 
spread out in ail directions from each point on the object. One"^ 
beam from the top of the gbject will pass through the hole at 
light up a spot near the bottom of the paper, B. Similarljr, one 
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beam from the bottom of the object will light up a spot near the top 
of B. In between spots of light corresponding to other points on the 
object will be formed. These spots, blending into one another, light 
up a part of the paper with the same shape as the object, but owing to 
*«the crossing of the beams at A, this image is upside down. 

Further study of these images may be made by making the pinhole camera in 
two separate parts, one of which will slide into the other so that the distance 
between A and B may be varied. It will be found that, as this distance increases, 
the image becomes larger and less bright. The spreading of the beams from A 
clearly accounts for the increase in size. The diminution of brightness is due to 
the fact that the same quantity of light as before is now spread over a greater 
area of the paper. 

If the hole is enlarged, the image will become brighter but its edges will be less 
clearly defined. The larger hole wiU let in more light which accounts for the 
increased brightness. The separate spots of light of which the image is formed 
will, however, bo larger, and this will produce visible irregularities in the outline. 

Experiments may also be 
made with holes of difierent 
shapes. This will make no 
difference to the image so long 
as the hole is small, as while 
^ the separate spots of light will 
have the same shape as the 
' hole, there will still be a spot 

for each point on the object, p,Q_ 205 . Thk Pinhole Pambb. 

and so long as these are small 

enough to blend properly, the image wiU have the same shape as the object. In 
this connexion note the circular patches of light which may often be observed in 
the shadow cast by a tree. Small openings between the leav^es act as pinholes ’* 
and form images of the sun which are not affected by the shapes of the holes. 

Photographs may be taken with a camera which has a pinhole jn 
place of the usual lens. Long exposures are necessary since very little 
light is admitted to the plate or him. Such cameras, however, are 
useful for architectural photographs. A lens, unless it has been 
specially corrected, will distort vertical lines. There is no such 
distortion in a pinhole image. 

QUESTIONS ON CHAPTER XXIH 

^ 1. Explain the terms luminous, non-lumirunts, transparent, opaque, 

translucent mentioning in each case a body to which the term would 
apply. 
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2. Give three t^mmon observations illustrating that light travels in 
straight lines, and describe a definite experiment to show the truth of 
that statement. 

3. Explain with the aid of diagrams the different types of shadows 
which may be formed. In your explanation make clear the meaning' 
of the terms umbra and 'penumbra. 

4. Explain the formation of pinhole images. Discuss the effect on 
them of (a) increasing the distance between pinhole and screen, 
(b) enlarging the hole, (c) altering the shape of the hole, (d) making two 
holes about | in. apart. 

5. Answer the following by means of scale drawings: — 

(o) What would be the lengths of the diameters of the umbra and 
penumbra of the shadow of a metal ball 8 in. diameter placed 2 ft. 
from a source of light which is 6 in. in diameter, the screen being 1 ft. 
from the ball ? 

(6) A small hole is made in the window shutter of a room 10 ft. 
wide, and an image of a tree outside the room is cast on the opposite 
wall. If the image is 4 ft. high and the tree is 30 ft. from the window, 
what is the height of the tree ? 

6. Explain the formation of shadows, pointing out the differences 
in the nature of the shadow formed as the source of light increases in size. 

Show from your diagrams how it is possible to obtain three different 
types of eclipse. [L.U. 

7. Explain the occurrence of an eclipse of the moon. When is this 
(a) total; (b) partial ? 

Suggest why the moon can often be seen throughout totality as a 
dull, copper-coloured disc. [L.U. 



CHAPTER XXIV 

REFLECTION. PLANE MIRRORS 


While we cannot normally see round corners, mirrors are often 
placed at road junctions and at comers in corridors so that approaching 
traffic round the corner can be observed. Light falling on the surface 
of the mirror is thrown off in a new direction making this possible. 
This throwing off of light falling on them by surfaces is called reflection. 
Non-luminous bodies only become visible when they throw off light 
in this way. 



Fig. 200. Ray Box. 


Note that on a diagram wc show the path of light by a straight Line. This is 
referred to as a ray of light and the name is often used in certain .cases where we 
have used the name beam : a beam is a collection of adjacent rays fronua source. 

Bay Boxes 

Fig. 206 illustrates an arrangement which enables a study of the 
paths of beams of light to be made. It consists of a box with a sliding 
top to which a lamp is fixed. A lens is placed in one end of the box 
and screens with openings in them may be placed in front of the lens 
^to let out narrow beams of light. Each beam will light up a narrow 
strip of the bench on which the box is placed, and so its path may 
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be traced. If a screen with a number of parallel vertical slits is used, 
a number of beams will be obtained, and by altering the position of 
the lamp these may be made to follow parallel, converging, or diverge 
ing paths as desired. Various forms of apparatus based on this 
principle are obtainable. 


Regular and Diffuse Reflection 

Set a ray box to give parallel beams and then* substitute a screen 
with a single slit for the one with a number of slits. Stand a s'lip of 
mirror across the beam and note that it is reflected as a quite definite 
beam [Fig. 207 (a)]. Substitute a roughish piece of white cardboard. 

A definite beam will not 



Fig. 207 . 


be reflected, but a patch 
in front of the card will 
be lighted up by parts of 
the beam being thrown 
off in various directions 
[Fig. 207 (6)]. Reflection 
of the first type is said 
to be regula^ that of 
the second type is called 
diffuse refle ction. Asur- 
face'which* causes good 
regularreflection is called 
a mirror. 

Try the effect of other 
surfaces, such as a fairly 


smooth tile, a polished 
sheet of metal, polished and rough pieces of wood. It will be found 
that smooth polished surfaces give good regular reflection, while rough 
surfaces tend to cause diffuse reflection. 


If a clear sheet of glass is used a considerable portion of the light 
passes through the sheet and continues as a clear beam on the other 
aide, but part is reflected [Fig. 207 (c)]. For this reason mirror 
glass is given an opaque backing — usually a thin coating of metal — 
wl^^ will reflect nearly all the light falling on it. It should 
he^^^oted that with such mirrors, reflection will take place mainly ; 
,the back surface, though some light will be reflected from the 
surface. 



REFLECtlON. PLANE MIRROBS 281 

If a piece of ground glass is placed across the beam some of the 
light will be found to be diffusely reflected. Part will be transmitted, 
but it, too, will be diffused [Fig. 207 (d)]. 

When a dead black surface is used light will be found to be neither 
reflected nor transmitted to any visible extent. Such surfaces absorb 
light almost completely just as they absorb heat radiation. The interiors 
of cameras, telescopes, and other optical instruments are painted 
dead-black so that unwanted reflections from them will not take place. 

The remainder of this chapter will be mostly concerned with regular 
reflection, but the fact should not be overlooked that diffuse reflection 
plays a very important part in life. It is light diffusely reflected from 
their surfaces which makes non-luminous bodies visible. Also light 
enters a room which is not facing the sun owing to its being diffusely 
reflected from objects outside. Further, diffuse reflection from walls 
and ceiling tend to produce a uniform distribution of the light in the room. 

Laws of Reflection 

The beam of light which travels towards Tnirynr ta nAllpH 
incident bea m; that which travels away from if? is the reflect s 
fETpom t where the, bfiam f.he mirror Ja its j)mnt f f 

Any li ne .SfiqpeildilUlla£.to. b e a normal 
If the normal at the point of incidence is drawn, the angle between 
it and the incident beam is called the ai ^le of incidence. The angle 
between the reflected beam and the normaTaFIt^e^pomrof incidence 
is the angle of re flectio n^ 

Mount a mirror slip along the diameter joining the 90° graduations 
of a circular card graduated in degrees. Place it so that the beam 
from the ray box meets the mirror just at the centre of the circle. 
Then, as shown in Fig. 208, the angle of incidence and the angle of 
reflection may be read from the circular scale. In this way find the 
values of the angle of incidence and angle of reflection in a number of 
cases, and verify the law that the angle of reflection is to the 
angle of incidence in every case. Verify also as particular cases that 
when the incident beam travels along a normal to the mirror, the 
reflected beam goes back along the same path, and that when the angle 
of incidence is 45°, the reflected beam is perpendicular to the incident 
beam. 

A SeC Qi^d ln.w that Wm and^. 

t he normal at the PoinLof incidence aie aH Hng plam, This is 
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verified by noting that if the mirror is placed perpendicularly to the 
bench and the incident beam travels along the surface of the bench, 
the reflected beam also travels along the bench surface and is not 



Fig. 208 . 


directed either upwards into the air nor downwards into the bench. 
The two laws together definitely fix the direction along which 


any given incident beam will be 



Fig. 209. 


reflected. 

The laws of reflection also 
apply in diffuse reflection, but in 
that case, owing to the roughness 
of the reflecting surface, parts of 
the incident beam which are 
parallel to one another meet 
various parts of the surface at 
different angl^of incidence, and 
so, as illustr^ed in Fig. 209, 
are reflected in various directions 


the beam is scattered instead of being reflected as a single 
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Images formed by Plane Mirrors 


Images. — When we look into a plane mirror we seem to see objects 
which are really in front of the mirrpr in positions behind the mirror. 
When we look through a telescope distant objects seem to be in 
positions nearer to us than they really are, and when we use a magnifying 
glass the object we are examining seems to be further away than its 
true position. ^Whenever an object seem s to be i n som e jposition 
differing from its" true po SSSalit is said that an image bl it exu^ 
ajf '^Bs w formation or’aBrrma^‘'is^^'a^ ‘ 

to the fact that, on their journey from the object to the eye, the 
beams of light are changed in direction so that they appear to come 
from points other than those from which they startfed. 


i Image of a Point 

FORMED BY A PlANE 
Mirror. — In Fig. 210 
O represents a point on 
an object from which 
light is spreading and 
which stands in front 
of a mirror MN. One 
beam of light from O 
meets the mirror at P 
and is reflected along 
PQ making ^ XPQ = 

Z_ XPO. Similarly 
another beam from 0 
meets the mirror at R 

YRO. If the two beams PQ and RS enter an eye placed as shown 
in the diagram they will seem to be coming from I. Hence 0 will appear 
to be at I, that is there is an image of 0 at I. 

If an accurate figure is drawn it will be found that 10 is at right 
angles to MN and that IL = LO. Hence the hgure indicates thatj^e^ 
of a pomtjor t?a^ fry a mrror m thft roiTT^r 

point is in front of it, and the line joining the point, to its imageis 
at ngfaf angles to Hie mi!^^ may be verihed by the following 

experimentr Draw aT line MN across a sheet of paper. Place a plane 
mirror upright along this line. At 0, two or three inches from the 
mirror, place a pin upright. Stick in two other pins at P and Q, placing 
them so that when you sight along them they appear to be in line with 



M 



and is reflected along RS, so that YRS = 


284 


GENEEAL PHYSICS— LIGHT 





the image of 0 . Similarly 
place two other pins at E 
and S in line with the image 
of 0 . Eemove pins and 
mirror. Join up pin pricks 
at Q and P and at E and S. 
Produce lines QP and ES to 
meet at I. Since the image 
of 0 was along both these 
lines it must be at I. 
Measurement will show that 
IL = LO and 10 is perpen- 
dicular to MN. 

Image of a Whole Ob- 
ject FORMED BY A PlANE 
Mirror. — Fig. 210 was 
concerned only with the 
image of a point. By con- 
sidering an object as made 
up of a number of points, the image of a whole object may be 
constructed. Fig. 212 shows an object AB placed in front of a 
mirror. If AX is drawn perpendicular to MN and produced until 
XA' = XA, A' will be the position of the image of A. Similarly B', 
the position of the image of B, may 1be found. Intermediate points 
on AB would have images between A' and B', so A'B' is the image of AB. 

The figure also shows how the extreme points of the image are seen 
by an eye placed at E. 
b! is joined to the limits 
4f the eye opening by 
iines cutting the mirror 
points P and Q which 
0^ then joined to A. 

Jfhusa beamof light APQ 
Ji TOflected from the mir- 
)theeyeanc 
le from A'. Simi- 
beam by which B 
I to be seen at B' 

'^0 be constructed. 
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The diagram shows that 
the image is the same size as 
the object and is right way 
up. This is readily verified 
i)y looking at images of ob- 


Fio. 213. Lateral Inversion. 

of the image is the image of the right- 
hand side of the object. This will be obvious to you if you stand in 
front of a mirror and raise your right hand to your right ear. It is 
also seen if you hold some print or writing in front of a mirror. The 
image shows the letters inverted as in Fig. 213. 

Real and Virtual Images. — Place a convex lens at a distance of 
a yard or two from a lighted lamp, and look at the latter through the 
lens from a distance of several yards on the other side of it. A small 
inverted image of the lamp will be seen between the lens and the eye 
(Fig. 214). If a cardboard screen is moved outwards from the lens 
on the side opposite to the lamp, a position will be found where the 
image is clearly marked out by light falling on the screen. Thus the 
light which forms this particular imago really passes through the points 
on the image. When th is occurs t he im aj^ e is s aid to bo If Fig. 
212 is considered it is cleartEat^he light does not really pass through 
the points forming the image in a plane mirror but only appears to 
come from those points. Images of this type are sa.id to b e virtu^. 
It is clearly useless to try to place a screen to receive a virtual image. 

Rotation of a Mirror 

Draw two intersecting lines, AB and CD, on a sheet of paper, and 
draw a third line, OP, from their point of intersection as shown in 
Fig. 215. Stand a mirror along AB and fix two pins at R and Q on 
OP. Place two others at S and T so that they are in line with the 


jects in plane mirrors. A 
pUne mir rotiE gage 18 ^ h o^i 
e ver, laterally inverted This 
means tEattiieTeK-1^^ side 


103?! REST 



LAMP 


Fio. 214. 
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images of R and Q, then a beam incident along OQ is reflected along 
ST. Turn the mirror until it lies along CD. The pins at S and T 
must now be moved to U and V to be in line with the images of Q and 

R so that the reflected beam 
now travels along UV.*^ 
Measure the angles APC 
and VPT. Your results 
should verify the statement 
that, if the incident beam 
has a constant direction, and 
the mirror is rotated, the 
reflected beam will rotate 
through twice the angle 
through which the mirror 
turns. 

Inclined Mirrors 

If two mirrors are placed 
Ftc. 215 . facing one another along 

linos ino(»ting at an acute 
angle and a small object is placed between them, a number of 
images of the object will be seen. If tlie angle between the mirrors is 
gradually widened it will be found that the number of images depends 
on the angle, the number diminishing as the angle becomes greater. 
The following special cases may readily be verified : — 

Angle Between Mirrors i No. op Image Positions 

30 ° 

45° 

60° 

90° 

120 ° 


This is in accordance with the rule that if the number of degrees, x, 
m the angle is an exact factor of 360, the number of image positions is 




^Saarrow mirror slips are used and a tall pin is used as the object, 
ggliuil positions of the images may be found. Move another pin, 
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which can be seen above the mirrors, behind them until it seems to be 
in the same place as one of the images. To find if this pin and the 
image are really in the same place move the head slightly from side to 
side. If the pin and image are nearly, but not quite together, one will 
^eem to move with respect to the other when the head is moved. This 
apparent movement of one body with respect to another is called 
parallax. When there is no parallax between the pin and the image 
they really coincide. 

If all the image positions are determined in this way and a circle 
with its centre at the point of intersection of the mirrors is drawn 
passing through the object, it will be found that all the images lie on 
that circle. 

The formation of these multij^le images can be explained, from 
Fig. 216, which represents the case of two mirrors at 60°. By reflection 
at Mj an image of 0 is formed at Ij in such a position that OIi is 
perpendicular to and OX 
= IjX. Thus Ii will be on 
the circle already mentioned, 
and arc PIj, = arc PO. Now 
^ T; is in front of Mg, so an 
image of I^ is formed at L, 
arc QIg being equal to arc QIj, 

Similarly Ig is in front of Mj, 
and an image of it is formed 
at I 3 . I 3 is behind both 
mirrors, so no image of it 
can be formed. 

Another series of images 
hy Hi Hi formed, being a 
direct image of 0 in Mg. 

Accurate construction shows 
that 1*3 and I 3 coincide, so 
that there are only 5 image 
positions. If the angle be- 
tween the mirrors is not an Fio- 216. 

exact factor of 360° images 

ii^ill be formed at two separate positions in the space behind the mirrors. 

Fig. 216 also shows how to draw the path of beams by which an 
eye at E sees ig, the light from 0 being first reflected from Mg and 
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then from M^. In drawing such beams first join the image being seen' 
to the eye and then work back to the object. 

ParaJld Mirrors 

You have probably observed a shop window in which mirrors have 
been placed at each side so that they face one another and are parallel. 
Repeated images of the contents of the window give the impression of 
a window extending to a very great distance each way. By setting 
up a pair of parallel mirror slips with a pin between them and deter- 
mining the positions of a number of images as on page 287, it will be 
found that all the images are on a straight line which passes through 
the object and is normal to both mirrors. Fig. 217 illustrates the 
formation of these images, I 2 being an image of and so on. It will 
be noted that no image can be behind both mirrors, and therefore, 


^ 
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Fig. 217 . 


theoretically, there is no end to either of the series. Actually, a little 
light is diffused and absorbed at each reflection, so that the later 
images in the series become very faint and disappear. 

Uses of Plane Mirrors 

The use of plane mirrors for seeing round corners at cross roads 
and in corridors has already been mentioned. Since a beam is turned 
through a right angle when incident on a mirror at 45^, it is best to set 
the mirror at an angle of 45® to the road or corridor. 

The same principle is applied in the yerisco'pe . This contains two 
xqirrors facing one another and each fixed at 45® to the framework. 
A:heam of light from an object at A (Fig. 218) entering the periscope' 
M^BDutally will meet the mirror M|^ at an angle of 45®, and so will be 
tj^pi^ihrough a right angle and pass vertically dowii the tube. Thus 
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it also meets M 2 at 45° and is again turned through a right angle and 
reflected horizontally to the eye at E. Thus A may be seen from E 
in spite of the obstacle X but will appear to be at A^. 

Fig. 219 shows the 
sime principle used to 
give the illusion of 
seeing through a brick. 

The fact that the 
image is as far behind 
the mirror as the object 
is in front of it is some- 
times utilised in eye 
testing. The test card 
should be read from a t 
distance of 24 ft. If 
the testing room is not 
as long as that the one Fia. 2 \^. Periscope. 

being tested may be 

placed 12 ft. from a mirror on the wall and the card placed above hia 
head. The image of the card is then 24 ft. from him. 

The rotation principle is applied in the sextanjb . which is used by 
navigators to find the altitude of the sun, that is, the angle between a 
horizontal line and one joining the obsoryer to the sun. The construc- 
tion of a sextant is shown in Fig. 220. £aB is a fixed mirror with the 
upper half silvered and the lower half clear. DE is another mirror facing 
AB but mounted on a pivoted arm, the end of which carries a vernier 
travelling over a circular scale of degrees. AB is observed through a 
small telescope fixed to the framework. The two mirrors are parallel 



Fig. 219 . “Seeing” through a dbick. 


twhen the rotating arm gives a zero reading on the scale. With this 
setting, the instrument is held in such a position that the horizon is 
seen both by direct vision through the lower part of AB and by reflection 

osN. puv. ly 
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from the two mirrors as shown in Fig. 220 (a). The arm is then 
rotated until an image of the sun is seen by reflection while the horizon 
is still seen by direct vision [Fig. 220 (6)]. The angle between the 



.horizontal and DS is then twice the angle through which the arm 
has been rotated. So that direct readings may be made, the scale is 
graduated to give readings which are. double the angle through which 
the arm has rotated. J ^ 

Inclined mirrors are employed in the kaleidoscope which though fre- 
quently sold as a toy can be of use to designers. To follow the principle 



Fig. 221. Kaleidosoopb. 


of the instrument, stand two mirrors inclined to one another at 60® and^; 
HljllibOe % few fragments of coloured substances between them. Note the 
^gOl^^is^cal pattern that is formed by the repeated images [Fig. 221 (a)]. 
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In the instrument as generally used, two mirrors at an angle of 60^ 
are enclosed in a tube as shown in section in Fig. 221 (6). At one end 
of the tube is an opening to which the eye is applied. At the other 
end is mounted a ring which can be turned carrying a disc of ground 
"'^ass on the •outside and a disc of clear glass on the inside [Fig. 221 (c)]. 
Between these two discs are a number of pieces of coloured glass. On 
looking into the tube, the symmetrical pattern formed by the images 
of the pieces of glass is seen. When the ring carrying the discs is 
turned the pieces of glass fall into fresh positions and give fresh patterns. 


QUESTIONS ON CHAPTER XXIV 

1. Draw a diagram to illustrate the terms incident beam, reflected 
beam, angle of incidence, and angle of reflection. 

State the relation between the angle of incidence and the angle of 
reflection. 

2. State how you could show by experiment that smooth surfaces 
reflect light regularly but rough ones cause diffuse reflection. 

Draw diagrams to show why this is the case. 

^ 3. Why are mirrors backed with opaque material ? When you 

look obliquely into a mirror made of thick plate glass, two images of 
an object may be seen, there being a faint image in front of main 
bright image. Explain this. 

4. State the laws of reflection and describe how you would verify 
them by experiment. 

5. Explain what is meant by an image and give illustrations to 
show the difference between real and vir^ al images. 

6. State the position of an image of an object formed by a plane 
mirror. 

Draw a diagram, based on the laws of reflection, which will show 
that the image has the position you have stated. 

How wpuld you verify your statements by experiment ? 

7. Explain briefly the construction and action of (a) a periscope, 
and (b) a kaleidoscope. 

^ 8. How would you place mirrors (a) to enable you to see the back 
of your head, (b) to enable you to see along the whole length of a 
corridor which has a comer making an angle of 120^^ (c) to throw as 
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much daylight as possible into a room which has a tall building opposite 
and near to its window ? 

Illustrate your answers by diagrams. 

9. Describe an experiment you have performed or witnessed in 
illustration of the laws of reflection of light. 

What facts do you know concerning the image of an object which 
is produced by a plane mirror? [L.U. 

10. Describe and explain the action of a sextant. [L.U. 

11. Two mirrors are arranged at 90° to each other with their 
reflecting surfaces facing inwards. Draw the path of a ray which 
suffers reflection at both surfaces, and find the relation between the 
directions of incidence and emergence of the ray. 

If an object (e.g. an arrow) is viewed after two reflections of this 
kind what is the nature of the image seen and how does it appear with 
respect to the object ? 

Draw a diagram to illustrate your answer, and trace the path of a 
cone of rays from one point on the object to an eye placed between the 
mirrors. [L.U. 

12. Explain, illustrating your answer with a diagram, how a narrow 
room can be made to appear very spacious by means of mirrors placed 
on opposite walls. 



CHAPTER XXV 

CUEVED MIRRORS 


You have probably noticed mirrors with curved surfaces being used 
as shaving mirrors, driving mirrors, and reflectors in searchlights and 
headlamps. The properties of such mirrors are dealt with in this 
chapter. 


Sj^eiical Mirrors 


The mirrors which will be considered are those which form parts of 
the surfaces of spheres, and so are called spherical mirrors. They are 
o f two types . Thos e in which the reflecting surfaces b end in w arns 
alied iSflflaCflgo nunx}rs, and those in wh^ h;,,l*h^yi,b 
c<mYac mirrors . The point wMcli is the^^trc of tTn» of whose 

surface the mirror 

its centre of c ur vature, 
the mid-point of the 
actual mirror surface 
Is ^lled its jpoie . The 
straight line passing 
through the centre o f 
curvature and the nola 
is the principal axis 
^ the mirror. A sec - 



(a) (b) 

Pro. 222. 

(a) Concave, { b ) Convex, C = Centre of Curvatctre. 


tion mad ft by a nlane nassintr through the centre of curvature and the 
pole is a principal section. If the mirror is only a small part of t^ e 
s urface of the sph^lt ls said to lie of s mall {|Perture. The aperture 
is often said to be measured by the distance between two opposite 
points on the edge of the mirror, but whether the mirror is of large or 
small aperture is really shown by the ratio of this distance to the 
diameter of the sphere. 

Most diagrams of spherical mirrors show principal sections, but 
since all principal sections of % given mirror are alike, results obtained 
‘+for one will apply to all. 

Cylindrical mirror strips may be used in ray box experiments to 
illustrate the properties of spherical mirrors. A narrow section 
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perpendicular to the axis of such a mirror is similar to a principal 
section of a spherical mirror. 

Law of Reflection at a Spherical Surface 

Stand a concave mirror slip on a sheet of paper and mark along itr 
reflecting surface. Find by geometrical construction the centre, C, of 
the arc so drawn. 

From some point, A (Fig. 223), on the arc draw a line passing 
through C. Replace the mirror slip and arrange the ray box to give 
a aingle narrow beam meeting the mirror at A [Fig. 223 (a)]. If XA 
is its path and AY the path of the reflected beam, it will be found that 
Z. YAC =3 Z XAC. Test this for several different directions of the 
incident beam, always making it meet the mirror at A. 

Similar results may be obtained with a convex mirror [Fig. 223 (6)]. 

Thus, if the line joining the centre of curvature to a point on the 
surface is regarded as the normal at that point, the law that the angle 
of reflection equals the angle of incidence applies to spherical as well 
as to plane mirrors. These results give a method, which should be 
clear from Fig. 223, by which the path of a reflected beam can be 
constructed. 

[Note . — ^The radius through A is the normal to the surface at that point since ^ 
it is perpendicular to the tangent plane at that point, and a tangent plane has the 
same direction as the curved surface at its point of contact.] 



Pio. 223. 


Action on Beams Parallel to the Princi|ial Axis 

Jfbtrk the position of the mirror and its centre of curvature as abovef 
Also mark the position of the pole and draw in the principal axis. 
Ap imgd the ray box to give a number of parallel beams and direct 
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them on the mirror in a direction parallel to the principal axis 
(Fig. 224). . . . , 

In the case of the concave mirror those beams near the principal 
axis will be found to be reflected through one point, F, on it. Those 
“falling on the outer part 
of the mirror will be 
reflected to cross the 
axis between F and the 
pole. If the position of 
F is marked it will be 
found to be half-way 
between the pole and 
the centre of curvature. 

In the case of the 
convex mirror the beams 
will diverge after reflec- 
tion. Mark the paths 
of the reflected beams 
and produce them back- 
I wards. The central ones 
will be found to diverge 
from a point half-way between the pole and the centre of curvature. 

From this we can say that beams parallel and near to the principal 
axis are reflected through (concave mirror) or so as to appear to come 
from (convex mirror) one point on the principal axis. The point so 
defined is the principal focus of the mirror and its distance from the 
pole is the focal length. The focal length of a mirror is half its radius 
of curvature. 



Fio. 224. 


Geometrical Proof that F is Half-Way between F and C 

Let PQ (Fig. 225) be a beam incident at Q on a concave mirror with 
centre C and pole A. Also let PQ be 1| CA. (Note that || means 
“ parallel to.”) 

Join CQ. Construct ^ CQF = ^ CQP. Then QF is the path of 
the reflected beam. Let it cut AC at F. 

^ Z PQC = Z. CQF (const.) and /_ PQC = ^ QCF (PQ || CF); 

Z CQF = Z QCF; /. QF = FC. 
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If Q is near A, QF approx. = AF; /. AF approx. = FC; 
i.e. F is the mid-point of AC. 

A similar proof can be given for convex mirrors. 

Spherical Abeiration and Caustic Curves ^ 

Because beams parallel but not near to the principal axis are not reflected 
through or from the principal focus, many 
results which are true for mirrors of small 
aperture are not altogether true for those 
of large aperture. This is said to bo due to 
spherical aberration. 

In Fig. 224 (a), all the reflected beams cross 
the axis between P and F. If, therefore, a 
broad beam of parallel light falls on a concave 
mirror, an area enclosed by a double curve, as 
shown in Fig. 226, is very brightly illuminated. 
This bright area may often be observed on the 
surface of a cup of tea, owing to reflection from the inner surface of the cup. The 
double curve bounding it is called a caustic curve. 



Further Bay Box Experiments 

Arrange the ray box to produce a set of beams crossing one. 
another at the point marked as the centre of curvature in the 
previous experiments. Replace the mirror. With both types of 
mirror the reflected beams will retrace the paths of the incident beams. 

Now arrange so that the beams 
cross at the point formerly marked 
as the principal focus. With each 
kind of mirror the reflected beams 
will be parallel to the principal 
axis (Fig. 224 (a) and (b) with 
arrows reversed). This result illus- 
trates the important principle that 
the path of any beam of light is 
reversible. 

It also explains why concave 
mirrors are used as reflectors in headlamps, etc. If the. reflecting 
mirror is of small aperture and the laiip is placed at its principal 
focus, the light reflected from it will form a parallel beam and lossV 
tif intensity due to spreading of the light will be avoided^ ActuaUy a 
^parabolic mirror, that is one whose principal section is a parabola, is 



% — ^ 

Fra. 226. Caustio Cubve. 
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generally used since all beams which come from the principal focus 
are reflected parallel to the axis by such a mirror (Fig. 227). 

ii^mage Formation hy Spherical Minors 

Stand large concave and convex mirrors vertically and gradually 
approach them, noting the changes which take place in the image of 
your face as you approach. With the concave mirror at a considerable 
distance a small (diminished) upside down (inverted) image in front of 
the mirror will be seen. As you move towards the mirror the image 
moves forward from the mirror and becomes larger until it is almost 
as large as your face. Then, for some distance, no image will be 
seen, after which an enlarged (magnified) right way up (erect) 
image appears behind the mirror. 

With the convex mirror the image is 
always erect, diminished, and behind the 
mirror. 

(1) Real Images formed by Con- 
cave Mirrors. — Some of the cases, 
mentioned in the last paragraph may be 
further investigated by using a brightly 
illuminated object in a darkened room. 

A suitable object is formed by replacing 
the lens of a ray box by a sheet of ground pro. 227. Pababouo Mieeob. 
glass and placing in front of it a piece 

of cardboard from which a triangular opening has been cut. Fine 
wire gauze fixed over this opening assists in finding positions where 
' images are sharply focused. 

Stand the mirror facing the object at a distance of four or five 
feet and turn it a little to one side so that the light it reflects is thrown 
on to a vertical screen (Fig. 228). Move the screen backwards and 
forwards until it is in a position where a clear image of the object is 
seen on it. Note that it is diminished and inverted and at a distance 
from the mirror less than that of the object. Clearly this is a real 
image (see page 285). 

Move the object nearer to the mirror in steps of two or three inches 
^at a time. For each object position find the corresponding image 
position. The image moves in the opposite direction to the object, 
increasing in size but remaining less than the object until a position is 
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reached where image and object are equidistant from the mirror and 
equa] in. size. After this the image distance becomes greater than the 
object distance. The image remains real and inverted but is now 



magnified. At last the image is thrown to a very great distance. 
Then it reappears as an upright magnified image behind the mirror. 
This image is obviously virtual. These observations should be com- 
pared with those made in bringing the face up to the mirror. 

For a number of positions measurements of corresponding object 
and image distances from the mirror and heights of object and image 
should be made and used to verify the relations 


Image distance ^ Object distance 

Height of image _ Image distance 
' ' Height of object Object distance 



Cqoztroction of Images ^ 

For constructional purposes the following summary of the results 
of the experiments on pages 2d3-6 should be noted: — 
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(1) Beams parallel and near to the principal axis are reflected through the 
principal focus by a concave mirror and so as to appear to come from the principal 
focus by a convex mirror. 

(2) Beams which pass through the principal focus of a concave mirror or 
^hich are directed towards the principal focus of a convex mirror are reflected 
parallel to the principal axis. 

(3) Beams which pass through the centre of curvature of a concave mirror or 
which arc directed towards the centre of curvature of a convex mirror are reflected 
back along their original paths. 

Let AB be an object standing on the principal axis of a concave 
mirror with centre of curvature C and pole P. Mark the principal 
focus, F, half-way between P and C (Fig. 229). 

From A draw AX, parallel to PC, meeting the mirror at X. A 
beam travelling along AX would be reflected through F along XY. 

Draw AC produced to meet the mirror at Z. A beam travelling 
along AZ would be reflected back along ZA. 

Draw AF produced to meet the mirror at Q. A beam travelling 
along AQ would be reflected parallel to PC, along QR. Join AP. 
Draw PS making SPC == ^ APC. A beam travelling along AP 
would be reflected along PS. 

All the beams diverging from A, after reflection, pass through A^. 
If they enter an eye after this crossing they seem to be diverging from 
A^ and therefore the image of A is at A^. Similarly images of points 
between A and B would be formed between A^ and B^, so that A'B^ is 
the image of AB. 

Note that only two of the beam paths need be traced to fix the 
position of A^. In making any construction choose the two which 
are most convenient. If the beams diverging from a point on the 
object do not cross in front of the mirror after reflection, but cross behind 
the mirror when produced backwards, the point evidently has a virtual 
image at the point of intersection. 

By means of such constructions verify the following cases and 
compare them with your experimental results. 

Concave Mirrors 

(1) Object at distance greater than radius. Image between F and 
Real, inverted, and diminished. 

(2) Object at C. Image at C. Real, inverted, and same size as 
object. 



300 


GENERAL PHYSICS— LIGHT 


(3) Object between C and F. Image beyond C. Real, inverted, 
and magnified. 

(4) Object at F. Image at infinity. (Beams diverging from a 
point on the object are parallel after reflection, and so do not meet 
either way at any measurable distance.) 

(5) Object between F and P. Image behind mirror. Virtual, erect, 
and magnified. 

The mirror is used in position 5 as a shaving mirror, so that an 
upright magnified image of the face can be seen. 

Convex Mirror 

All positions of object. Image behind mirror. Virtual, erect, 

diminished. 

Since convex mirrors 
form diminished images, 
images of a very wide 
field of vision may be 
seen in a small mirror. 
This is the reason for 
their use as driving 
mirrors. Fig. 230 shows 
how such a mirror can 
reflect beams from 
widely separated objects to the same eye. 

Construction of Beams by which Images are Seen. — Fig. 231 
(a) and (6) illustrate constructions for image positions as explained 
.above, and also for the paths of beams by which images can be seen 
from particular positions. The latter construction is made in the way 
already explained for plane mirrors (page 284), 



Mirror Calculations 


Many mirror problems can be solved by means of accurately drawn 
scale diagrams, but in some cases it is convenient to calculate positions 
of images,, etc. 

The results obtained by experiment on page 298 may be written — .4.. 



1 

7 
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Height of image _ v 
Height of object u 

where v ~ distance of image from mirror, u = distance of object from 
mirror, and / is a constant. If the focal length of the mirror is deter- 
mined by method 1 on page 303, it will be found to be equal to the 
value of / in the above equation. A geometrical proof of this is given 
at the end of the chapter. 

The equations can also be shown to apply to cases where virtual 




images are formed and to convex mirrors if the following convention 
of signs is followed : — 

All distances are measured from the mirror. Beal objects, images, 
and foci have positive distances. Virtual images and foci have negative 
distances. 

It follows from the above that focal lengths of concave mirrors are 
positive and those of convex mirrors negative. The following worked 
examples should make the use of these equations clear. 
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Examples. — (1) An ol^ect 2 in. high is placed at a distance of 3 ft. 
from a concave mirror of radius 12 in. Calculate the position^ size, and 
nature of the image. 

Both u and / will be positive and / = 6 since focal length is half 
radius. . 

u /’ ••v“^36 6’ •• V 6 36 ”36’ 


Height of image _ 7*2 
2lm ” 36 ’ 


t, = = 7-2. 


/. Height of image = 2 



•4 in. 


Since v is positive, the image is real and is therefore inverted and 
7*2 in. in front of the mirror. It is *4 in. high. 


(2) An image is formed 5 cm. behind a convex mirror of \0 cm. focal 
length. Calculate the position of the object. 

As the image is behind the mirror it is virtual so that v is negative. 
Also/ is negative for a convex mirror. 


1 

V 



1 

u To 




l =+i- 

5 ^10 


u = 10. 


The object is 10 cm. in front of the mirror. 

(3) A mirror yields an image 8 cm. ^behind it of an object 40 cm. in 
front of it. Find the type of mirror a^nd calculate its focal length. 

Here u is positive and v is negative. 

1 1_1. . J_, 1_1 . _i_l 

v’^u /’ ••-8*^40”/’ •• 40""/’ 



The focal length of the mirror is ~ 10 cm., and since it is negative 
tilie minor is convex. 


MftOTi™e HirTor Constants ^ 

If oither radius or focal length is found the other is known since 
ladms is twice focal length. 
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(A) Concave Mirrors 

(1) Beams from a point on a very distant object falling on a concave 
mirror will be nearly parallel, and so will be converged to a point very 
near the principal focus. Hence, if the mirror is stood facing the sun 

a screen is moved until the smallest possible image of the sun is 
formed on it, the distance from the pole of the mirror to the image 
is the focal length of the mirror. 

(2) When the object is at the centre of curvature the image 
coincides with it (page 299). Using the illuminated object, adjust its 
distance from the mirror until a clear image is formed on the surface 
containing the object. The distance between the pole and the object 
is then the radius of curvature. 


(3) Proceeding as on page 298, measure a series of corresponding 

object and image distances and in each case calculate f from “ + “ 

/'xT ^ xi, X 1 u + v uv 

( Note that = , so ; = 

V fuv 


•' u+v J 


Average the values of f found. 


\ 


(B) Convex Mirrors 

A convex mirror never gives a real image of a real object, so the 
above methods are not applicable to it. 

The positions of virtual images formed by convex mirrors can 
be determined as follows. 

In front of a convex 
mirror, AX, stand a narrow 
shp of plane mirror, BY, 
and a pin, PC. An image 
of the upper part of PC 
will be seen in AX and one 
of its lower part in BY. 

Adjust the distance between 
the mirrors until the two 
-^^arts of the image coincide. 

(Use the parallax test.) Then both mirrors are giving an image of 
the pin at the same point D. Measure AC and BO. 


Pia. 232. 
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Now u = AC and v = AD. 

From the properties of plane mirrors, BD = BC; DC = 2BC. 

V = ad = DC - AC = 2BC - AC. 

Hence v can be found from the measurements made and / can bcf ‘ 

calculated from " + ^ ==J -9 remembering that a negative sign should 

be used in substituting for v. 

Geometrical Proof of Mirror Formulae 
In Fig. 233 A'B' is the image of AB. 

A’s ABO and A'B'C are aimilftr; M = -4® 

B U A i> 

Also A’s XYF and A'B'F are similar; (XY = AB); 

r x> A A ii 

. YF BC 

•* FB' “ B'C‘ 

But YF is approx. » PF if X is near P; 

. BC _ PF 

•• B'C" FB' 

Now let PC = r, PF = /, PB = and PB' - v. Then r « 2/, BC = u - r 
B= « — 2/, B'C = r— t;=2/— v, and FB' = t; — /, Substituting in (i). ^ 

2f — V V — f* 

2/^ - /v « MV - «/- 2fv + 2f ; 

.*. uf -^-fv = uv. 

Dividing throughout by ufv, ~-f - = y 

V U J 

Also A’fl A'PB' and APB are similar; 


A'B' PB' 


Ht. of image 


* * AB PB a' Ht. of object u 

A similar proof can be given for a convex mirror if proper signs are given to 
each measurement. 


QUESTIONS ON CHAPTER XXV 

1. Draw diagrams to illustrate the terms centre of curvature^ pole^ 
principal axis, and aperture in the case of both concave and convex 
spherical mirrors. ^ 

2«48tate the laws of reflection and describe experiments to show 
tliese laws apply to reflection by spherical sui^aces. 
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A point of light is on the principal axis of a concave mirror at a 
distance of 6 in. from the pole. The radius of curvature of the mirror 
is 1 in. Construct the paths of two beams diverging from the point 
of light and being reflected by the mirror, and hence And where its 
^lage is formed. 

3. Describe experiments to show the effect of concave and convex 
mirrors on beams of light parallel to their principal axes. 

Use the results of your experiments to define what is meant by 
the principal focus of aspherical mirror. 

virtual images. How would 
you demonstrate the forma- 
tion of both kinds of image 
by a concave mirror ? 

Describe how you could 
use a concave mirror to 
throw a magnified image 
of a small transparent 
picture on the wall of a 
room. 

Conslmct a diagram to 
illustrate your answer. 

5. Describe Iiow you would verify by exi^eriment the relations 

1,1 1 j Ht. of image v . ^ i - 

H — = ^ and u. i • . = m tlie case of a concave mirror. 

V u f Ht. of object u 

6. Find by calculation and by drawing the position, size, and 
nature of the image in each of the following cases : — 

Concave Mirrors 

(а) Object distance 10 cm., radius of curvature 6 cm., height of 

object 2 cm. 

(б) Object distance 6 cm., focal length 4 cm., height of object 1 cm. 

(c) Object distance 1 in., radius of curvature 3 in., height of object 

i in. 

Convex Mirror 

(d) Object distance 6 in., focal length 1 in., height of object 3 in. 

(e) Object distance 12 cm., radius of curvature 6 cm., height of 

object 1-5 cm. 

7. Describe and explain two practical uses of concave mirrors and 
one of convex mirrors. In each case construct a diagram to illustrate 
your answer. 


Explain what is meant by real and 



Fio. 233. iSee Geometrical Proof OrrosrrE. 
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8. Distinguish between real and virtual images. 

When an object is placed 20 cm. from a concave mirror a real image 
magnified three times is obtained. What is the radius of curvature of 
the mirror ? Find also where the object must be placed to give a 
virtual image of the same magnification. Illustrate your answers by- 
diagrams drawn to scale. [L.U. 

9. Explain, with the aid of diagrams, how upright images of an 
object may be formed by plane, concave, and convex reflecting surfaces. 
Point out how these images may be distinguished from one another. 

[L.U. 

10. Compare the images formed when an object 1 in. high is pfaced 

6 in. in front of (a) a plane mirror, (6) a concave mirror of radius of 
curvature 8 in. Illustrate your answer with diagrams drawn to scale 
and explain the construction of the diagrams. [L.U. 

11. A pin 4 cm. in height is fixed vertically on the principal axis of 
a concave spherical mirror whose radius of curvature is 36 cm. 

Draw a careful diagram to scale, J full size, showing how the image 
of the pin is produced by the mirror. The distance of the pin from the 
mirror is 27 cm. 

Explain how you make use of the laws of reflection of light in your 
construction, and state what you know concerning the image. [L.U. 

12. Explain the action of a convex mirror used on a motor vehicle 
for obtaining a rear view. 

Compare this with the action of a plane mirror used for the same 
purpose. [L.U. 

13. A spherical mirror is placed 25 cm. from an illuminated object 

and the real image produced is found to be J the size of the object. 
What kind of mirror is it, and what is the focal length ? Where must 
an object be placed so that the image is real and three times as big as 
the object ? [L.U. 

14. Describe any one method of determining the radius of curvature 
of a concave mirror. 

Show diagrammatically that the image formed by a convex mirror 
is always victual and diminished. 

Name and explain one practical use of a convex mirror, giving the 
reason for its employment. [J.M.B. 

16. State the laws of reflection of light. 

Draw diagrams showing how an image is formed by reflection 
(a) in a plane mirror, (6) in a convex mirror of 20 cm. radius of curvature, 
the object in each case being 15 cm. from the mirror. In each case 
camfully describe the image and state the magnification. [J.M.B. 
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Place a thick block of glass on a page of your book. Look down- 
wards on it and note that the print under the glass appears to be 
raised nearer to the eye. 

Look obliquely through 
the block at vertical 
window bars. The part of a 
bar seen through the block 
will appear to be displaced 
slightly to one side. Note 
also the apparent displace- 
ments of objects when 
viewed through a three- 
cornered block (triangular 
^rism) of glass. Hold a stick 
in a slanting position dipping 
into water and note that it 
appears to be bent at the 
surface of the water. 

All these observations 
suggest that there is a change 
in the d i rect i on i n which light 
travels whe n it jpasses jfroi^ 
one transpa rent substance 
to another . .This change of 
direction is known as 'felraction. 
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Fio. 234. 


Z. of emergence. 
Z. 6 = Z. of refraction. 


Z. c = Z. of deviation. 
Z.d* Z.of incidence. 


Bay Box Experiments on Refraction 

When the sheet of clear glass was used in the experiment on page 
280, no change of direction in the light passing through it was obstirved 
sowing to the thinness of the sheet. If, however, a wide block of glass 
is used instead of the thin sheet, the path of the beam will be found to 
be as indicated in Fig. 234. Note that part of the incident beam is 
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reflected according to the laws of reflection at the first face. Also 
note that the beam turns towards the normal ai the jpoirU of incidence on 
entering the block and away from the normal at the point of incidence on 
leaving it. Further, the final direction of the beam in the air is parallel 
to its original direction but there has been a lateral displacementr,-^ 
that is, a displacement to one side. Verify this for various angles of 
incidence on the first face. Note also that there is no refraction if 
the beam meets the first face normally. 

Pig. 234 also illustrates various terms which are used in connexion 
with refraction, the meanings of which should be carefully noted. 

Similar results may be obtained by using a thin walled 
rectangular glass trough filled with water instead of the glass block. 

If a triangular 
prism of glass is 
used instead of 
the block, results 
as indicated in 
Fig. 235 will be 
obtained. Once 
more, the turn- 
ing is towards”^ 
the normal at 
the point of in- 
cidence on enter 
ing the glass 
and away from 
the normal on 

leaving it, but, owing to the inclination of the two faces, these turnings 
are not in this case equal and in opposite directions, so that the emergent 
beam is not brought back to a direction parallel to the incident beam. 
In this case the beam is said to be deviate, and the angle FOD between 
the original and final directions measures the amount of deviation. 

It will also be noted that the emergent beam is no longer a single 
white beam but is made up of a number of overlapping coloured beams. 
The light is said to have been dispersed. This colour effect will be 
dealt with in Chapter XXIX. 

The results of these experiments may be summarised as follows f 
(1) Beams of light passing from a given substance into a denser sub- 
stance are usually refracted towards the normal at the point of incidence. 
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(2) On passing from a dense substance to a 
less dense one they arc usually refracted away 
from the normal. 

^ (3) If the two surfaces through which a beam 
passes are parallel, the emergent beam is parallel 
to the incident beam but laterally displaced. 

(4) If the two faces are not parallel the beam 
is deviated. 

Simple Applications of Refraction 

Fig. 236 shows why print appears nearer to 
the eye when a glass block is placed over it. 

Beams of light travelling upwards from the 
point 0 at the bottom of the glass bend away 
from the normals at the upper surface and so enter the eye as though 
they came from 0' so that an image of 0 is formed at O'. For a 
similar reason, water viewed from above appears less deep than it 
really is, as you may have observed at the swimming baths. 

Fig. 237 similarly explains the apparent bemding of a stick when 
dipped obliquely in water. The refraction of the beams from the 
lower end of the stick when they enter the air results in an image of 
the part B being formed at A. 

The apparent break in the window bar when viewed obliquely 

through the glass block is 
explained in Fig. 238. The 
parts of the bar seen above 
or below the block are seen 
by means of beams of light 
which travel directly to 
the eye and so appear in 
their true positions. The 
part seen through the block 
is seen by beams which 
follow paths such as OABE 
and so it appears to bo 
displaced to O'. 

The apparent displace- 
ment of objects viewed 



Fio. 237. 

A = Apparent position of stick 
B = Actual position of stick. 



Fro. 236. 
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through tnangular prisms is illustrated in Fig. 239. Note that the 
deviation of the light is away from the edge, A, between the two faces 
through which the light passes. The apparent displacement of the 
object is towards that edge. This edge is known as the refracting^ 
edge of the prism. 

Laws of Refraction 

Pass a beam of light from a ray box through a block of glass on a 
sheet of paper. Mark round the block and make marks on correspond- 
ing edges of the incident 
and emergent beams so 
that by joining those 
marks the paths of the 
beams may be drawn. 
Draw in the normal at 
the point of incidence 
on the first face and 
measure the angle of 
incidence and angle of 
refraction. Repeat a 
number of times, vary- 
ing the angle of inci- 
dence. Look up the sines 
of the angles measured 
from mathematical 
tables and draw up a 
table as follows: — 


^ OF Incidence { i ) 

1 OF Refraction (r) 

Sin i 

Sin r 








An approximately constant value for jjg obtained. Thus we 

may state the following law. The ratio of the sine of the angle of 
incidence to the sine of the angle of refraction is constant for all beams 
passing from one given substance to another. 

The ratio mentioned in the law is called the index of refraction from 
thcTfirst substance to the second. When the first substance is air, the 
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ratio is simply called the index of refrac- 
tion of the second substance. For example, 
for light passing from air to glass, the con- 
stant ratio = f , so the index of refraction 
glass is?. 

The second law of refraction is similar 
to that of reflection, namely, the incident 
beam, the normal at the point of incidence, 
and the refracted beam are all in the same 
place. It may be verified as in the case 
of reflection. 

Some Indices, of Refraction 

Water 1 -33 Ice 1 •31':^' Crown glass 1 •50{^) Flint glass 1 -62^ 

Glycerine 1 *47 Plate glass I*52 \}' Turpentine 1*47 jiff Diamond 2*60© 

The approximate values for water and ;} for glass should be 
remembered, 

Oeometrical Construction of Refracted Beams 

Suppose it is required to find the path in glass of a beam which 
meets the glass surface at an angle of incidence of 70°, given that the 
index of refraction of glass is i|. Let XY (Fig. 241) be the surface of 
the glass. Draw AB at the required angle to represent the incident 

beam. Below AB mark 
olf from B along X Y three 
equal lengths giving the 
point E. At E draw a 
perpendicular to XY cut- 
ting the incident beam at 
A. With centre B and 
radius BA describe a circle. 
On the opposite side of B 
to E mark off along BX a 
distance equal to two of 
the three divisions in BE, 
giving the point F. At 
F draw a perpendicular to 
XY cutting the circle at 
6. Then BG produced is 
the required path. 



Fio. 241. 



Fig. 240. 

= index of refraction. 

sinr 
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To prove that the correct path has been obtained, draw perpendicu 

lars AK and GH respectively from A and G to CD. 

rm 1 • .«sin70° 3 

The path is correct if 

^ sm r 2 

XT . AK ^ . GH 

Now sin 70 = and sm r = 

Ax> iiu- 

. 81 ^° ^ gg ^ 

Bin r AB / BG 

. sin 70" AK BE 3 , ^ . 

. . — : = = == = - (construction); . . the iiath is correct. 

sinr GH BF 2 ' ' ^ 


From the principle of reversibility of beams, it follows that a beam 

travelling along GB would 



be refracted along BA when 
it emerged into the air. 
Hence the construction can 
be used for beams from 
glass to air by taking f as 
the required index of re- 
fraction. Thus the index 
of refraction from a sub- 
stance to air is the re- 
ciprocal of the index of 
refraction of the substance. 

Cause of Refraction 

Fig. 242 shows what would 
happen if a column of 
soldiers on the march ap- 
proached obliquely the line 
separating firm ground from 
marshy ground on which 
they would have to march 
more slowly. 

At the moment when the 
left-hand man of the front 


rank has reached B, the right-hand man has reached A and has still 10 


yards to go to reach the marshy ground. While he is marching this 
10 ytirds the man at B only marches 7 yards, so the front rank comes 
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into the position A'B'. As the men still march at right angles to the line 
of the front rank, they cross the marshy ground in the direction A'A"'. 
On reaching the firm ground on the other side the process would be 
reversed and the line of march would be- 
►me parallel to the original direction. 

Note that the column is “refracted” towards 
the normal on entering the marshy ground 
and away from the normal on reaching firm 
ground again. 

It has been shown by experiment that 
light has a smaller speed in dense substances 
than in air, and by analogy with the above 
example the refraction of light when passing 
into and out of a dense substance might be 
expected to result from this change of velocity. 

Moreover, it can be shown geometrically from 
Fig. 242 that the “index of refraction” for the marching column is 
equal to 

Velocity on firm ground 
Velocity on marshy ground 
and it is actually found for light that: — 

^ Index of refraction of a substance = 

Velocity of light in air 
Velocity of light in substance' 

Apparent Thickness or Depth 

Place a block of glass on a sheet of paper and 
trace round its outline. Draw a line, NOA (Fig. 
243), perpendicular to two opposite sides of 
the trace. Replace the block and stand up a pin 
as near as possible to the block at A. On looking 
at this pin through the block it will appear to 
be at a point I, so that 10 is the apparent 
thickness of the block. 

• To find the position of I, stand another pin, P, on the line ON. An 
image of this pin formed by reflection at the fron t face of the block will 
be formed somewhere along OA. Move P backwards and forwards 
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until the image of A formed by refraction and the image of P formed by 
reflection coincide (Parallax test). Then the rule about the position of 
an image formed by reflection at a plane surface will tell us that I is as 
far behind 0 as P is in front of it. Hence OP is equal to the apparent 
thickness of the block. Measure OP and also the real thickness AOT* 
Find the index of refraction of the glass by the method on page 310. 

Verify that: — 

Real thickness 



Apparent thickness 

Index of refraction. 

The relation between the real and 
apparent depth of water may be found 
in a similar way. Use a deep glass 
vessel to hold the water (Fig. 244). 
Place a pin on the bottom of the 
vessel with its point touching the side. 
Support another pin in a burette stand 
at the side of the vessel. Look down 
on the edge of the vessel and adjust 
the height of the latter pin until it^ 
appears to be on the same level as the 
one in the water. Then OA is the 
real depth of the water and OB is its 
apparent depth. The relation — 

Real depth ^ . r r 

^ = Index of refraction 

Apparent depth 

will be found to apply in this case also. 

Assuming that relation these 
methods of measuring apparent thick- 
ness or depth may be used for finding indices of refraction of transparent 
solids or liquids. 

Examples.— (1) The apparent depth of a quantity of liquid was 
1.3*.5 om. when its real depth was 20 cm. What is its index of refraction? 

Real depth __ 20 
13 " 5 ’ 


Fig. 246. 


Index of refraction 


Apparent depth 
Index of refraction = 1*48. 
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(2) What is the real depth cf a swimming hath where the water appears 
to he b ft. deep? Index of refraction of water = 4* 

Real depth _ 4 
bh. “ 3 * ' 

/. Real depth = -* x 5 ft. = 6*67 ft. = 6 ft. 8 in. (approx.). 


Proof of Apparent Depth Formula 

l^t O, Fig. 245, be a point on the bottom of a bowl containing water. From O, 
a beam of light, OA, meets the water surface normally and passes into the air 
without refraction. Another beam, OB, from O meets the surface obliquely at 
B and is refracted away from the normal MN on entering the air. To an eye 
receiving these two beams O would appear to b3 at I. Now: — 


sin /_ CBM 
sin Z. OBN 


the index of refraction of water. 


Let this be /x. 

Z. CBM - Z NBI Z BIA and z OBN = Z BOA; 
. sin Z BIA _ 
sin Z BOA 


sin Z BIA = 


AB , 

m 

AB 


sin Z BOA = 


AB 
OB ' 


OB 

IB 


If B is very near A, as it must be for both beams to enter the eye, OB is approx. 
= OA and IB approx. = lA; 


. OA 

.. or 


Real thickness 
Apparent thiokness 


= Index of refraction. 


Refraction through a Prism 

This was mentioned on page 308, and the meanings of deviation 
and angle of deviation were noted. 

Arrange a prism so that a beam from a ray box meets one face 
nearly along a normal [Fig. 246 (a)]. Now rotate the prism so that 
the first angle oi incidence gradually increases. Note that the deviation 
becomes smaller, that is, Z_ EOD becomes smaller as /_ ABN increases 
[Fig. 246 (6)]. A position is reached, however, when further increase 
in /_ ABN causes /_ EOD to increase instead of continuing to decrease. 
Thus there is one particular angle of incidence for which the deviation 
produced by the prism is a minimum. 

If the prism is placed so that it is just in this position of minimum 
deviation, it will be found that the beam makes equal angles with the 
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two facM as shown in Fig. 247. It will then be found that turning the 
pnsm either way results in an increased deviation of the beam. 



Experiments with different prisms of the same substance will show 
that the ^ter the angle of the prism, the greater is the minimum 
deviation it will produce. If a thin walled triangular bottle filled with 
carbon disulphide, which has an index of refraction of 1-63, is used, it 
will be found to produce a greater minimum deviation than a prism' of 
crown glass of equal angle, thus showing the effect of index of refraction. 

Internal Reflection. Total TteflaeHnn 

Reference has already been made to the faint image in front of the 
main image which is often seen in a thick glass mirror and which is due 



to sopie of the light being reflected from the front surface of the glass 
Fp^nently other famt images, further back than the main image, may 



REFRACTION 


317 


be seen as shown in Fig. 248. This is due to part of the beam which has 
been reflected from the back being reflected into the glass again when it 
reaches the front surface. Fig. 249 illustrates this. The dark lino 
shows the path followed by most of the light in the beam 10, giving rise 
“ 0 the main image at Ij. A little of the beam is reflected at 0 instead of 
entering the glass, and gives rise to the image in front of Ig. Some of 
the light is reflected at P instead of leaving the glass, and after reflection 
at the back surface once more, 
reaches Q. There part of it 
leaves the glass giving rise to a 
faint image at Tg, but part is 
reflected, and so on. 

This internal reflection may 
readily be observed if a semi- 
circular slab of glass mounted 
on a circular scale, as shown in 
Fig. 250, is used. Arrange the 
ray box to throw a beam on 
to the curved surface, its 
direction being along one of the 
radial lines from the mid -point 
of the straight surface. This 
arrangement enables the bcam^ 
to enter the block without being 
refracted. 

When the angle of incidence 
on the straight face is abour 
35°, while most of the light will 
leave the slab and be refracted, 
a clear reflected beam will be 
seen. When the angle of inci- 
dence is just over 40°, the refracted beam is nearly parallel to the flat 
surface. If the angle of incidence is then increased by a few degrees, it 
will be found that none of the light escapes at 0, but that the whole of 
the beam is reflected (COC'). In this case the beam is said to be totally 
reflected. This can happen only to light passing through a dense medium 
and meeting the surface of a less dense one in which case, owing to the 
refraction being away from the normal, the angle of refraction is always 
larger than the angle of incidence. Thus there will be a certain angle of 



Fio. 248. Candle iMrERFBOTLY Replectted 
IN A Mirror. (Note multiple images.) 
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incidence which will make the angle of refraction = 90° [Fig. 251 (6)]. 
The partictilar angle of incidence which causes this is called the 



It will be found to be 


just above 42°. For 
water the critical angle 



Reflection by Prisms 

Try the effect of pass- 
, ing a beam from the ray 
box into an isosceles 
right-angled glass prism, 
in which each of the acute 



angles will be 45°. 

If the beam enters one of the short faces at right angles it will be 
total^jf^flected from the hypotenuse and will leave the prism at right 
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angles to its original path, as shown in Fig. 252 (a). There is no 
refraction at the first face as the incident beam is normal to it. Thus 
the beam meets the hypotenuse with an angle of incidence of 45° which 



• V 

(«) (6) (0) 


Z. 8 < Critical angle. Z s = Critical angle. Z s > Critical angle. 

Fia. 251. Refraction of Light from a Dense to a Less Dense Medium. 

is greater than the critical angle of glass. Hence it is totally reflected, 
and the angle of reflection will also be 45°, so that the beam is turned 
through a right angle and meets the third face normally, passing out of 
it without further change of direction. 



Fig. 252 (a). Fio. 262 (6). 


• By placing two such prisms in the relative positions shown in 
Fig. 252 (6) a periscope may be constructed. Such prisms are better 
than mirrors for instruments of that kind since all the light is reflected 
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in one beam without the formation of multiple images, as on page 317. 
Also there is no metal backing to become tarnished or damaged. 

Such a prism, placed like the lower one in Fig. 252 (6), is often used 
in the view-finder of a camera. The light 



from the view enters the vertical face and is re- 
flected through the horizontal face to the eye. 

Fig. 253 shows how such a prism can 
be made to turn a beam through 180® and 
make it travel in the opposite direction to the 
incident beam. This should be tested by 
means of the ray box. 

Prisma are used in this way in binocu- 
lars. To obtain a powerful telescope a con- 
siderable distance between the objective 
lens and the eyepiece is necessary. By 
using two isosceles prisms, as shown in 
Fig. 254, the light may be made to traverse 
the barrel of the telescope three times so 


that a short, instrument may have the same 
effective length as a telescope about three times its length. The 
“optical length^’ as we word it is three times the actual length: hence ** 
a long focus object glass can be used and high magnification obtained. 
They are usually in pairs, one for each eye. 


Some Effects of Total Reflection 

Look upwards at the surface of some water in a tumbler from a 
position just below its level. It will a])pear silvery and mirror-like. 
This is because light 
travelling upwards from 
the other side of the 
tumbler is totally re- 
flected from the surface 
to the eye as shown in 
Fig. 255. An image of Fig. 264. 

the part of the spoon 

just below the surface will be seen apparently above the surface. 

A test-tube placed slantingly in water and viewed from above, as-^ 
shown in Fig. 256, will appear silvery for the same reason. If the 
tidm is "filled with water it no longer has that appearance. 
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If you look obliquely through a cracked pane of glass the crack 
appears silvery owing to total reflection from the air layer between the 
two glass surfaces. 

The TTiirage is caused by total reflection at the surface separating two^ 
Sa yers of air of different densities. _ In the desert the sand becomes very 




hot during the daytime and heats the layer of air in contact with it 
causing expansion and a fall in density. Thus successive layers of air 
going upwards are denser tlian the layers below them. A beam of light 
travelling downwards from the top of a tree will be refracted away from 
the normal on entering a new and less dense layer. Thus the angle of 
incidence at which successive layers are met increases and finally one 


Denser air 


Hot air 


Fio. 257. A Miraob. 

surface of separation is met with an angle of incidence greater than the 
critical angle between the two layers and total reflection takes place, 
^directing the beam upwards. If this reflected beam enters the eye an 
inverted image of the tree is seen, and the appearance is that which 
would be seen if there was a pool of water at the foot of the tree. 
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Similar reflections are often observed on tarred roads on hot days. 

In cold regions an inverted mirage is often seen. Here the layer of 
air near the ground is colder and denser than layers above it, so that 
beams of light travelling upwards from objects may be totally reflected 
downwards and produce inverted images in the air. 

QUESTIONS ON CHAPTER XXVI 

1. State what happens when a beam of light passes through (a) a 
parallel sided block of glass, (h) a triangular glass prism. Draw 
diagrams to illustrate your answers. 

From the diagrams explain what is meant by the terms refraction 
and demotion. 

2. Explain why (a) a stick appears to be bent when dipped obliquely 
into water, (6) a pond appears to be less deep than it really is, (c) an 
object viewed through a triangular glass prism with its vertex pointing 
upwards appears to be displaced upwards. 

3. State the laws of refraction and describe an experiment to 
verify them. 

Hence explain what is meant by the index of refraction of a 
substance. 

4. 0 is a small object 6 in. above the surface of the water in a pond. 
Construct on a scale diagram the paths of two beams diverging from 0, 
one perpendicular to tb(? surface of the water and the other having an 
angle of incidence of 30° at the water surface. Index of refraction of 
water = 

Hence determine the position at which 0 would appear to be to a 
fish in the water vertically below 0. 

5. Describe how you would determine the apparent thickness of a 
block of glass. 

If a block has a real width of 6*5 cm. and an apparent width of 
4-5 cm., what is the refractive index of the glass ? 

If it is 2*5 cm. dc(q), by how much will print over which it is placed 
appear to be raised ? 

6. Describe an experiment to illustrate what is meant by minimum 
deviation produced by a prism. What relation is there between mini- 
mum deviation and (a) the angle of the prism, (6) the refractive index 
of the substance of the prism ? 

7. The index of refraction of glass being f construct the path of 
bean! Jessing through a glass prism with an angle of 45° in the position 
of ii^Ktmam deviation. 
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8. Describe an experiment to illustrate the meanings of the terms 
total internal reflection and critical angle. 

Explain why (a) beams of light in air incident on a glass surface 
cannot be totally reflected, (6) a water surface viewed from below may 
^ct as a mirror, 

9. Explain how, by use of prisms, you can (a) turn a beam of light 
through a right angle, (6) make a beam travel in a direction directly 
opposite to its original i)ath. 

Describe one practical application of each case. 

10. Explain what is meant by saying that the refractive index of 
glass is 1-5 and its critical angle 42"". 

If you were provided with a semicircular slab of glass and some pins, 
describe how you would proceed to measure these quantities. [L.U. 

11. A ray of light falls upon the surface of water in a tank, making 
an angle of 60° with the surface. 

Make a diagram full size, showing the path of the ray if the water 
is 3 in. deep. Measure the angle of refraction. [Refractive index of 
water,!.] 

Using your diagram, explain the meaning of the term total internal 
refl.ex'.tion, [L.U. 

12. ABC is a glass prism, AB = BC = 3 in. and ABC = 90°. 

Construct the path of a ray of light which passes through the prism, 
being incident on the face AB at a point 1 in. from A and parallel to AC. 
[Refractive index of glass — §.] Give a brief explanation of your 
construction and make your diagram full size. [L.U. 

13. When looking perpendicularly into a vessel of water 8 in. deep, 
a point on the bottom of the vessel appears to be only 6 in. below the 
surface of the water. Explain this, and draw a diagram showing the 
passage of a cone of rays from this point to an eye placed to one side of, 
but near to, the normal drawn from the point to the surface of the water. 

Explain how you would determine the exact position of the image 
experimentally. [L.U. 

14. What is meant by saying that the refractive index of water is !? 

A point source of light is at the bottom of a large tank containing 

water which is 3 in. deep. Draw the complete paths of rays which pass 
up through the water making angles of 0°, 30°, and 60° respectively 
with the vertical through the source of light. Give such explanation 
iw you consider necessary. [L.U. 



CHAPTER XXVII 

LENSES 

In many instruments, such as cameras, telescopes, and microscopes, 
use is made of lenses which are portions of transparent substances 
between two faces, one or both of which are curved. If the lens is 


Convex or Converging Lenses 



a ■ b c 

Fio. 

(а) Double convex. 

(б) Plano-convex. 

(c) Concavo-convex. 


Concave or Diverging Lenses 



d e r 


268 . 

{</) Double concave. 
(e) Plano-concave. 
(/) Convexo-concave. 


thicker at its centre than at its edges, it is a convex or converging lens. 
If it is thicker at the edges than at the centre it is concave or diverging. 
There are various types of lenses in each class, these being shown in 
Fig. 258. The curved faces of the lenses are usually parts of spheres. 

If both faces are curved, each will have a centre of curvature. The 
line through the two centres is the principal axis of the lens. One 
point on the principal axis is called the optical centre of the lens. If 

f the two faces are of equal 

o o, radii, the optical centre 

is midway between 
Fig. 269 . them. A section of the 

C— CJbntrbs OF CmvATURE. 0=Opticali Centres, lens in a plane passing 

through the two centres 
of Qurvature is a principal section. As in the case of spherical mirrOils, 
afi principal sections of a given lens are alike, so diagrams showing* 
happens in one principal section may be taken to a.pply to all. 
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Ray Box Experiments 
with Lenses 

For ray box experi- 
ments half-lenses, which 
**^ll stand on their flat 
surfaces, can be used. 
The part of the lens in 
contact with the bench 
will be a principal 
section. 

Fit the ray box to 
give a set of parallel 
beams. Place a half con- 
vex lens across them. 
They will all be found to 



Fio. 260 . 


pass through one point 

on the principal axis on the opposite side of the lens, as in Fig. 260 (a). 
If a concave lens is used the beams will be found to spread out as 


though coming from one point on the principal axis after they have 



passed through the lens [Fig. 26CL (6)]. 
These results indicate why the ierms 
“converging” and “diverging^ are 
sometimes used instead of “convex” 
and “concave” in naming lenses. 

The point on the principal axis to 
which beams originally parallel and near 
to the principal axis converge after 
passing through a convex lens, or from 
which they appear to diverge after 



passing through a concave lens, is called 
the principal focus of the lens, and its 
distance from the optical centre is 
called the focal length of the lens. 

If lenses of large aperture are used it 
will be found that, as with mirrors, there 
is spherical aberration. The beams 
passing through the outer parts of the 


(b) 


lens cut the principal axis between the 


Fig. 261. principal focus and the optical centre. 
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Arrange the box to give beams con- 
verging to a point. Place a half-lens of 
either type so that its optical centre is 
at the point of convergence. Note 
that the beams do not suffer deviation 
but pass straight through the lens 
(Fig. 261). A beam directed towards 
the lens in any direction other than to- 
wards the optical centre will undergo 
deviation. Thus the optical centre of a 
lens may be defined as the point on the 
principal axis through which all beams which axe not deviated by the 
lens pass. 

The results of these experiments may be summarised as — 

(1) Beams parallel and near to the principal axis are converged to the 
principal focus on the other side of the lens by a convex lens or diverged 
from the principal focus on the same side of the lens by a concave lens. 

(2) Beams directed towards the optical centre pass through the 
lens without deviation. 

Also the principle of reversibility will give from (1) — 

(3) Beams diverging from the princij)al focus on the incident 
side of a convex lens or directed towards the principal focus on the 
other side of a concave lens became parallel to the principal axis after 
passing through the lens. 

Explanation of Lens Action 

If a plate of glass is placed be- 
tween two prisms as indicated in 
Fig. 262, beams passing through the 
prisms will })e deviated away from 
their edges, that is, inwards. Thus 
three parallel beams might be con- 
verged to OIK* ])oiiii as shown in the 
figure. Other be.i ms parallel to those 
shown would not be deviated through 
the same point. 

A principal section of a convex 
lens may be regarded approximately 




Fig. 262. 
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as made up of a number of thin slices taken from various prisms 
(Fig. 263), those near the edge being parts of prisms with large angles, 
whilst those near the centre are from prisms of small angles. Thus 
the outer prism sections would cause greater deviation than the inner 
pi^ncs, and a large number of parallel beams may be focussed to one point. 

Owing to the curvature of the faces of the lens, any two beams, 
however near to one another they may be, may be considered to pass 
through different prisms, and so all beams parallel to the principal axis 
may be focused to one point. 

The action of a concave lens may be similarly explained from an 
arrangement of prisms placed point to point. 

The two faces of a lens will be almost parallel at its central portion 
which may therefore be regarded as a parallel sided plate. It has been 
shown that such plates do not deviate beams but do displace them 
laterally. If the plate is thin the lateral disj)lacement is small, and the 
beam appears to pass straight through the plate. This explains the 
action of a lens on beams passing through the optical centre, provided 
that the lens is thin. 

^Image Formation by Lenses 

(A) Convex Lens 

Fit up an illuminated object as for the experiments with concave 
mirrors on page 297. Stand a convex lens in front of it and place 
a screen on the other side of the lens. 

Place the object at a considerable distance from the lens and move 
the screen until a clear image of the object is seen on it. It will be 
evident that this is a real image. Gradually move the object nearer 
to the lens and find the image positions for various object positions. 
Verify the following: — 

(1) Object at a considerable distance from lens. Image near the 
lens, real, diminished, and inverted. 

(2) As object moves nearer to lens, image moves further from it 
and becomes larger but still diminished, real, and inverted. 

(3) A position is reached where object and image are at efjual 
distances from the lens and are equal in size. Image real and inverted. 

(4) Object distance less than in (3). Image distance greater ’^han 
object distance. Image real, inverted, and magnified. 
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(5) Object distance less than half that in (3). No real image can 
be obtained. By looking through the lens from the side opposite to 
the object an upright, magnified image on the same side of the lens as 
the object will be seen. Since it is behind the object, it is obviously 
a virtual image. 

In a number of cases where real images are produced measure object 
distance {u) and image distance (v), and also height of object and 
height of image. Verify that: — 


f 


where / is a constant, and that 


Height of image ^ v 
Height of object u 


(B) Concave Lens 

(1) Substitute a concave lens for the convex one. It will be found 
that, however the object position is varied, no real image can be 
formed. For all object positions images which are upright and 
diminished and on the same side of the lens as the object will be 
observed by looking through from the other side. Clearly all these 
images are virtual. 


Construction of Images 

The three types of beams mentioned on page 326 are used in 
constructions for finding the positions and nature of images formed by 
lenses. Figs. 264 and 265 show such constructions for convex and 



concave lenses and also indicate the drawing of beams by which suclt' 
images are seen. R(iference to Fig. 260 will show why the principal 
focus must be taken on the opposite side of the lens to the object in 
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the case of a convex lens and on the same side in the case of a concave 
lens. 

By means of such constructions the following cases should be 
verified and compared with the results given on page 327. 



(1) Convex Lens (focal length — /). — (a) Object at distance 
greater than 2/. Image at distance less than 2/ but greater than / on 
opposite side of lens. Real, inverted, diminished. 

(6) Object at distance equal to 2/. Image at distance equal to 2/ 
on opposite side. Real, inverted, same size as object. 

(c) Object at distance less than 2/ but greater than /. Image at 
distance greater than 2/ on opposite side. Real, inverted, magnified. 

(d) Object at distance equal to /. Image at infinity. (Beams 
diverging from same point on object are parallel to one another after 
passing through lens.) 

(e) Object at distance less than /. Image on same side as object 
at distance greater than that of object. Virtual, erect, magnified. 

(2) Concave Lens. — All object positions. Image on same side as 
object at distance less than that of object. Virtual, erect, diminished. 

Measurement of Focal Lengths 

(A) Convex Lens 

(!) Parallel incident beams are brought to a focus at the principal 
focus of the lens. Hence the image of a very distant object will be 
fformed at a distance from the lens which is approximately equal to 
the focal length. (Compare case 1, page 303.) Hence the focal length 
may be found by standing the lens facing the sun, adjusting a screen 
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on the opposite side of it until the sharpest possible image is obtained, 
and theA measuring the distance from the image to the optical centre 
of the lens. 



(2) Light diverging from the principal focus emerges from the lens 
as parallel beams. If these beams are allowed to fall on a plane mirror 
placed parallel to the lens, they will be normal to it and so will be 
reflected back along their former paths. The lens will then bring them 
to a focus again at the principal focus. Fig. 266 shows how this case 
is used for measuring the focal length. The distance of the lens from 
the illuminated object is adjusted until a sharply focused image is 
formed just by the object. The distance from the object to the optical 
centre is then the focal length. 


(3) Directions were given on page 328 for verifying that ^ - is 


If / is determined for the same lens by 

This relation 


constant for a given lens. 

either method 1 or 2, it will be found that ^ 4 - ^ 

V u f 

may be used for finding focal lengths of other convex lenses. Measure 
a number of corresponding values of v and u as on p^age 328. From 
each set calculate / by means of the above equation and average 
the results. 


(B) ‘Concave Lens 

The equation ^ ^ ^ can be shown to apply to all cases of 

image formation by lenses provided that a sign convention similar to 
that for mirrors is adopted. That is, aJl distances are measured 
from the optical centre. Real images, foci, and objects have positive 
distances and. virtual images and foci have negative distances. Note 
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that the focal length of a convex lens will be positive and that of a 
concave lens will be negative. 

Since a concave lens gives only virtual images, methods such as 
those used for convex lenses are not available. The position of the 
r virtual image formed may, however, be found by a parallax method 
as in the case of the convex mirror. 

Stand a tall object, such as a white pencil stuck into a cork, in front 
of the lens. Looking from the other side of the lens a virtual image 
can be seen. Move a pin supported in a retort stand so that it can 
be seen above the lens backwards and forwards until it appears to be 
at the same place as the image of the pencil. Measure distance of the 
pencil from the lens for u and that of the pin from the lens for v. 
Calculate / from the equation, remembering that a negative value 
must be substituted for v because the image is virtual. 


Examples on Lens Calculations 

(1) An object 2 cm. high is placed (o) 50 cm., and {b) 15 cm. from a 
convex lens of 20 cm. focal length. Find in each case the position^ size, 
and nature of the image. 

( \ ImL-L . io. ^ - i. 

v'^ u /’ • • V 50 20’ 

••v" 20 50 100’ •• 3 


Ht. of image 
’ ' 2 cm. 


Ht. of image v 
Ht. of object ^ m’ 

100 

3 2 

50 “3’ *** image = § x 2 = 1*33 cm. 


Since v is positive the image will be real and so it will be inverted. 
Its position will be 33-3 cm. from the lens on the side opposite to the 
object. 


{b) 


14-1 = 1 - 
/’ 

L_ 1 = _ L- 

20 15 60’ 

Ht. of image 
Ht. of object " 


^ . = A . 

V ^ 15 20’ 


V = — 60. 


V 

w’ 
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/. •*• image = 2x4 = 8 cm. 

2 cm. 15 

Since v is negative, the image is virtual and so will be upright. 
Its position will be 60 cm. from the lens on the same side as the 
object. 

(2) Take distances as in (a) above hut for a concave lens, 

1 


1+1 = 1 . 
u f 

L- 

V 


1 + ^ = — ^ (Note negative value for /); 

V OU — Z^J 


1_ 

20 


1- « 1_. 
50“ 100’ ‘ 

Ht. of image 
Ht. of object 


V - 


V ^ 




100 

Ht. of image _ 7 _ 2 
^cmT"' "^50""?’ 


Ht. of image = " == 0*57 cm. 


Since v is negative the image is virtual and so is erect. Its position 
will be 14-3 cm. from the lens on the same side as the object. 

(3) A lens 20 in. from an object prodiices a virtual image the size 
of the object. Find the position of the image^ the kind of lens, and its 
focal length, 

Ht. of image v , 2_ v ^ 

Ht. of object u * ’ 3 20 in.* 

/. 3v = 40in.; /. v = 13*3 in. 

Since the image is virtual its position is 13-3 in. from the lens on the 
same side as the object. 

1 


- + - = ’• 
v^u /’ 


4 - ?- = - (Note negative value for v); 
40^20 /' * ' 


_ 3 1 

40 20 / ’ ’ " / 


1 

40’ 


/= -40. 


The focal length of the lens is — 40 in. 

Since the focal length is negative, the lens is concave. 
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Geometrical Proof of Lens Formulae 

Triangles A'B'C and ABC (Fig. 267) are similar; hence: — 
A'B' _ A'C _ t; 

AB "■ AC “ ii 


(1) 





Fia. 267. Image by Convex Lens. 


Also triangles A'B'F and DCF are similar; 

, A'B' AT _ ^ f 

•• (^D "" Of ~ 

• - * 1 :“/ 

•• "AB ~ / 

A From (1) amM2), - 7 A rf 

u J 


(AB = CD) 
uv — tt/. 


Divide throughout by uvf : — 


1 ^ 11 , 

f V* 


^ ^ a. ^ 


Note that (1) gives 


Ht. of image _ v 
Ht. of objec-t M 


( 2 ) 


Similar proofs may be given for the ease where a convex lens produces a 
virtual image and for concave lenses if duo attention is paid to the signs of v and / 
when substituting. 


QUESTIONS ON CHAPTER XXVII 

1. What is a lens i Distinguish between convex and concave lenses. 
Explain, with diagrams, why the former are sometimes called converging 
and the latter diverging lenses. 

2. Draw diagrams to show the meanings of the terms centres of 
curvature^ 'principal focuSy and optical centre in connexion with both 

^.convex and concave lenses. 

3. Explain by reference to prisms the action of convex and concave 
lenses on parallel beams of light. 
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4. Describe experiments to show the various types and sizes of 
images which can be produced by a convex lens. 

How would you verify the relation between object distance, image 
distance, and focal length for such a lens. 

5. Construct diagrams to illustrate the formation of (a) a magnified 
real image by a convex lens, (fc) a diminished real image by a convex 
lens, (c) a magnified virtual image by a convex lens, (d) a diminished 
virtual image by a concave lens ? 

6. Calculate the position and size of the image in each of the 
following cases: — 

Convex Lens 


(a) 

(b) 
ic) 
(d) 


(e) 

(/) 

(9) 


/ 

u 

Ht. of Object 

10 cm. 

25 cm. 

5 cm. 

12 in. 

20 in. 

2 in. 

15 cm. 

10 cm. 

4 cm. 

10 in. 

20 in. 

3 in. 


Concave Lens 


/ 

u 

Ht. of Object 

30 cm. 

50 cm. 

8 cm. 

25 in. 

50 in. 

6 in. 

20 cm. 

30 cm. 

5 cm. 


7. Describe two methods of determining the focal length of a convex 
lens. Give an explanation of the principles involved in each method. 

8. Define the focal length of a convex lens. 

Describe with full experimental details how you would determine 
the focal length of a convex lens, [L.U. 

9. You are required to form an upright image of an object with 
(a) a convex lens, '5(6) a concave lens. 

State the position of the object with respect to the lens in each case. 
Illustrate the formation of these images with suitable diagrams and 
point out how these images differ. [L.U. 
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10. Explain what would be the effect of a convex lens of focal length 
10 in. upon: (a) a parallel beam of light; (h) a beam diverging from a 
point 20 in. from the lens; (c) a beam diverging from a point 6 in. 
from the lens; (d) a beam converging to a point 20 in. behind the lens. 

Draw careful diagrams to illustrate your answer, taking in each 
^ase the axis of the beam as the principal axis of the lens and considering 
light of one colour only. [L.U. 

11. Describe the action of a convex lens upon a beam of light of 
one colour. 

An object when placed 15 cm. from a convex lens gives a real image 
twice the size of the object. Where must the object be placed relative 
to the same lens to give a virtual image twice the size of the object ? 
Draw scale diagrams to illustrate the formation of the two images. [L.U. 

12. Find the position, size, and character of the image produced 

by a convex lens of focal length 7 in. of an object 2 in. tall placed 
(a) 4 in., (6) 10 in. from the lens. Draw a diagram showing the paths 
of two rays in each case. [L.U. 



CHAPTER XXVIII 

OPTICAL INSTRUMENTS 


The Camera 

A camera is a light-tight box at the back of which is plated a plate 
or film coated with chemicals which are affected by light. In the front 
is an opening fitted with a convex lens to focus images of objects to 

be photographed on to the 
film. 

In box cameras the 
distance between the lens 
and the film is fixed, and 
consequently there is only 
one object distance at 
which a sharply focused 

A DISTANT OBJECT IS BROUGHT TO A FOCUS ON i^iagc is formed on the 
THE FILM OF THE CAMERA. film. Better camoras have 

a bellows body, so that the 
distance between the lens 
and the film can be varied. 
The results of the last 
chapter will show that, for 
distant objects, this distance 
should be equal to the 
focal length of the lens 

A NEAR OBJECT IS BROUGHT TO A FOCUS ON 268). For nearer 

THE FILM BY MOVING THE LENS FORWARD, objccts, the image distaucc 

will be greater than the 

focal length, and so the camera should be extended (Fig. 269). 

The amount of chemical action at any point on the film depends on 
the amount of light reaching that point during the time of exposure. 
Thus, on very bright days a short exposure will produce a sufficiently 
daric negative, while on duller days a longer exposure is necessary. 

The amount of light focused at any point also depends on the'' 
diameter of the opening, since with a larger aperture more beams 
from 'any givon point on the object will enter the camera. Thus, 
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adjustment for different brightnesses can be made by the use of 
“ stops ” with which the size of the opening can be varied. This 
enables the same time of exposure to be used with varying 
illuminations. 


.Sclerotic 


Retina 


In BritiRh cameras the stops are usually marked to show the relation of the 
diameter of the opening to the focal length of the lens. Thus F/S means a stop 
with a diameter onc-eighth the focal length of the lens. Common sets of stops 
are F/8, F/11-3, F/16, F/22-6, F/32. On American cameras these are simply 
marked 4, 8, 16, 32, 64. The areas of the stops, and therefore the amount of light 
admitted by them in a fixed time with the same illumination, are proportional to 
the squares of their diameters. Hence, under the conditions mentioned, the 
amounts of light admitted by the F/8 and F/11-3 stops respectively would be in 

the ratio = 2. (approx.) 

That is, the F/8 stop would lot in 
twice as much light in a given time 
as the F/11-3 stop. Hence, with 
the same illumination, twice as long 
an exposure is required with the 
F/11-3 stop as with the F/8. Similar 
relations hold with regard to other 
^meeoeding members of the series. 

This is indicated by the American 

system in which a F/4 stop is Blind Spot'] 

regarded as requiring 1 unit of time 
exposure, so that F/8 requires 4 
units, and so on. 

With a given illumination, a Fro. 270. 

large stop enables the time of 

exposure to bo reduced but, with a large aperture, spherical aberration has a 
considerable effect, and the imago tends to bo somewhat blurred. 


rl 

A 

POSTERIOR 


f I 

CHAMBER 

H 

[ J 

Len$ 

(VITREOUS 

Yellow'Sl 


HUMOUR) 

M 


Anterior^ 
Chamber^ 
TAqueous 
Humour) 


The Eye 

As shown in Fig. 270, the eye is very similar in construction to a 
camera. A lens of jelly-like substance in the pupil of the eye focuses 
images of objects cn the retina, which is a sensitive nerve lining of the 
back of the eye chamber. These images are real and inverted, but the 
brain interprets them in such a way that the objects are seen as being 
^ight way up. In front of the lens there is a filament, the iris or 
coloured part of the eye, which, by muscular action, can open or close 
to adjust the aperture of the eye to varying intensities of light. Fiirthor 
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details on the structure of the eye may bo found in encyclopaedias or 
books on physiology. 

The distance between the lens and the retina is not adjustable for 
focusing objects at varying distances. This is accomplished by a ring 
of muscle surrounding the lens which can alter the curvature of the 
lens surfaces and so change its focal length. When a normal eye is in 
a state of rest, the focal length of the lens is equal to the distance from 

it to the retina, so that dis- 
tant objects are focused on 
the retina [Fig. 271 (a)]. 
If this were a fixed siate, 
images of nearer objects 
would be focused behind 
the retina, and the objects 
would not be seen. Such 
objects can, however, be 
brought into focus by an 
increase in the curvature 
of the lens which de- 
creases its focal length and 
brings the image nearer to 
the lens [Fig. 271 (6)]. 

M This accommodation of 
the normal eye can con- 
tinue as nearer and nearer 
objects are viewed until 
the object is at a distance 
of about 10 in. from the 
eye, but the eye cannot 
increase its curvature more 
than is necessary for see- 
ing objects at this nearest 
distance of distinct vision, and images of objects nearer to the eye 
than 10 in. are formed behind the retina [Fig. 271 (c)]. Fig. 271 d 
shows how objects at still smaller distances may be viewed by placing 
another convex lens in front of the eye (see page 341). 

This shows why “ eyestrain ** is felt after long periods of clo““ 
work. All the time, the muscles are compressing the lens. Ti 
thould be rested from time to time by looking at distant objects. 



Fig. 271. 
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Short Sight (myopia). — This is due to the lens in its resting state 
having a focal length less than the distance to the retina, so that images 
of distant objects are formed nearer to the lens than the retina. As 
the focal length cannot be 
*^hvreased by accommoda- 
tion, such objects arc 
invisible to the unaided 
eye. There will be some 
object distance at which the 
image distance is equal to 
the width of the eye, and 
that distance is the farthest 
distance of distinct vision for that eye. Nearer objects can be seen by 
accommodation as with a normal eye. A short sighted eye usually has 
its nearest point of distinct vision at a distance of less than 10 in. 

Short sight is corrected by using spectacles with concave lenses. 
These make beams from objects more divergent before entering the 
eye, so that the image formed by the eye lens is further back than 
when the spectacles are absent. 

^ Long Sight (hyi)ermctropia). — Long sight is due to the eye lens in 
its resting state being insufficiently convex, so that its focal length is 
greater than the width of the eye, and images of distant objects are 
formed behind the retina (Fig. 274). By accommodation such objects 
can be brought into proper focus, but since there has to be some 
accommodation for viewing distant objects, the maximum accommo- 




dation of which the eye is capable has to be used for objects at some 
distance from the eye, and near objects cannot be properly focused. 

Long sight is corrected by the use of convex lenses (Fig. 275). 
These make beams from a point on an object less divergent before 
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entering the eye, so that the image formed by the eye lens is nearer to 
it than when the spectacle lens is absent. 

Focal Lengths of Spectacles 

In correcting short sight the lens used should be one which gives a virtuqji 
imago of very distant objects at the point of farthest vision of the unaided eye. 



Example. — An eye cannot see clearly objects at a distance of more than 200 in. 
What lens should be used to correct this ? 

A lens is required which gives a virtual image at 200 in. from it of an object 
at an infinite distance. ill 

r+« -r 

-i(K) + i=r ••/=-2oo ^--o> 

A concave lens of 200 in. focal length is required. 

In correcting long sight a lens should be used which will form a virtual imago 
at the nearest point of distinct vision of the unaided eye, when an object is at 
the nearest point of distinct vision of a normal eye. 



Example. — An eye cannot see clearly objects at a distance of less than 30 in. 
What spectacles are required to enable objects at a distance o/ lU in. to be seen ? 

Here, a virtual image at a distance of 30 in. is required when the object is at 
a distance of 10 in. Ill 

J 1 1^2 

- 30 "^ 10 “/' ■/ 30 ^ 

• A convex lens of 15 in. focal length is required. 


/= 16 . 
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Astigmatism. — This is a defect of vision due to the cornea being more convex 
in one direction than in another, the surface having the shape of the bowl of a 
teaspoon. As a result, when the eye lens is focused for sharp vision of vertical 
lines, it may not give clear images of horizontal lines at the same distance. 

There are veiy few eyes that do not suffer more or less from this defect, 
horizontal linos being usually brought to a focus in front of the focus of vertical 
lines. It is a defect moreover which usually changes until the person is about 
30 years of age. The remedy for astigmatism is a cylindrical lens, but this 
cannot be desalt with in this book. 

Lo§s OF Accommodation (presbyopia). — In aged persons the muscles control- 
ling the eye kms become less flexible, so that very little change can be made in 
the lens curvature and clear vision is possible only for objects over a short range 
of distances. In this case different lenses may be required for viewing distant 
and near object.s. 

The Magnifying Glass 

Small objects, the details of which are invisible when they are at 
the nearest point of distinct vision, may be examined by using a 
convex lens to produce magnified virtual images of them (Pig. 276). 
The lens is placed near the eye and the object is placed at such a 



distance that the image is formed at the nearest point of distinct vision. 
To obtain the virtmd magnified image, the distance of the object 
from the lens must be less than the focal length of the lens (see page 
329). The magnification produced depends on the focal length of the 
lens; lenses of sliort focal length giving greater magnification than 
those of long focal length. For this reason opticians speak of the 
power of a lens rather than of focal length, the power being equal to 
the reciprocal of the focal length. If the focal length is measured in 
ifietres the power is said to be measured in dioptres. For examjile, a 
lens with a focal length of 30 cm., = 0*3 m., would have a power of 
1/0*3 = 3-3 dioptres. 



GENERAL PHYSICS— LIGHT 


The influence of focal length on magnification may be illustrated as follows: — 
Suppose a lens of 5 in. focal length is being used, the point of nearest distinct vision 
being 10 in., that is, a virtual image is to bo formed at 10 in. from the lens. 


1 + 1 = 1 . 
v^u /’ 

.1 1.1 
tt 6 10 



The object should be in. from the lens. 

Magnification. [^ = ^=1 = 3. 

.3 

The image is 3 times as large as the object. 
For a lens of 2*5 in. focal length the calculation would be 

11^2 1 ,l_J_ ' 

1= JL 4. i-= £ 1 

u 2*6 10 10 2* 

Magnification ~ ' ^* 


An image 6 times as large as the object would be obtained. 


Visual Angle ^ 

Magnification may also be considered from the point of view of 
visual angle. The apparent size of an object will depend on the size 
of the image formed on the retina. The nearer the object is to the eye 
the greater this image will be, and as shown in Fig. 277, this is connected 
with the fact that, when the object is brought nearer to the eye, the 
visual angle, that is the angle between beams entering the eye from 

A 


B 



extreme pointis on the ob j ect, becomes larger. When a magnifpng glass k 
used an image is produced at the nearest point of distinct vision which has 
a greater visual angle than the object would have if placed at that point. 
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The Compound Microscope 

Very high magnification can be obtained by using a combination of 
lenses. Set up a small illuminated object, 0 (Fig. 278), in front of a 



Fig. 278 . Action ok Compound Microscope. 


convex lens, A, of short focal length. Make the distance OA a little 
greater than /j, the focal length of A. A real magnified image of 0 
will be formed at its distance from A being greater than 2/i. Adjust 
a ground glass screen until this image is clearly focused on it. Now 

# place another convex lens, B, of long focal length on the other side of 
the screen, its distance from Ij being less than its focal length, /g. A 
virtual magnified image of will be seen at Ig on looking through B 
from the right. Note how much greater than the visual angle of 0 is 
the visual angle of Ig at B. The diagram illustrates how the image 
positions may be found by construction and also the path through the 
two lenses of a beam of light from a point on 0. 

The beams of light would follow these paths through the lenses 
even if the ground glass screen at were absent, so that the greatly 
magnified image Ig would still be visible on looking through B. A 
compound microscope consists of two lenses such as A and B mounted 
in a tube. A is called the objective glass and B the eyepiece. In 
focusing the microscope, the objective is brought to such a distance, 
greater than /j, from A that the final image Ig is at the least distance 
of distinct vision from the eye at B. 

The Telescope 

«r Telescopes are designed to enable distant objects to be examined. 
The image of a distant object formed by a telescope is smaller than the 
actual object, but because it is so much nearer the eye it has a greater 
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visual angle, so that the image formed on the retina is larger than it 
would be if the object were viewed directly. The ratio 

Visual angle of image 
Visual angle of object 

is said to measure the magnification produced by the telescope as it 
gives the ratio of the sizes of the images formed on the retina with 
and without the telescope. 

The Astronomical Telescope 

A telescope can be formed by reversing tlie arrangement for a 
microscope. The objective is a convex lens of long focus which will 
form a diminished real image of a distant object at a point a little beyond 



its principal focus. The eyepiece is a convex lens of short focal length. 
By drawing out or pushing in the sliding part of the tube the eyepiece 
is brought to a position where its distance from the first image is a 
little less than its focal length. By looking through it a virtual magni- 
fied image of the first image is then seen. By a method similar to that 
used in the case of the microscope a pair of lenses may bo set up to 
illustrate this action of the telescope. It will be observed that the 
image is inverted, since inversion occurs in the formation of the first 
image, but there is no re-inversion in forming the second one. The 
distance apart of the lenses is approximately the sum of their focal 
lengths. It can be shown that the magnification as defined above is 
approximately given by:— 


„ .« . Focal length of objective 

Magmfication = — n— --. t- / - ’ 

Focal length of eyepiece 
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The Tenestrial Tdescope 

Inversion of the image does not matter when astronomical obser- 
vations arc being made, but when distant objects on the earth are being 



• Fifl. 2.S0, Action of TKiiitESTRiAL Telescope. 

examined, we wish to see them right way up. The astronomical 
telescope can be adaj)ted to terrestrial use by using a third lens as an 
erecting lens. This is a moderately short focus convex lens and it is 
placed at such a position that it is at a distance equal to twice its focal 
length from the small inverted image formed by the objective. It 
will then form a rc-inverted real image equal to the first image 
and at a distance of twice its focal length on the other side of it 
(see page 329). This is then magnified by a short focus eyepiece as 
in the astronomical telescope. 



The Galilean Telescope 

r 

Galileo devised a telescope in which a concave lens was used as an 
eyepiece. As shown in Fig. 281 a long focus convex lens is used as 
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objective. The eyepiece is of short focus and is in a position between 
the objective and the point where the primary image would be formed. 
Its distance from that point is slightly less than its focal length. 

In the absence of the eyepiece beams from the top point of a 
distant object would be brought to a focus at Pi. But the eyepiece., 
causes these beams to diverge so that to an eye applied to it they seem 
to come from P 2 , and thus an erect image with a large visual angle is 
seen. 

Galileo’s telescope has the advantage of needing no separate 
erecting lens. Also the distance between the lenses is short. In 
practice it is approximately the difference between their focal lengths, 
since the primary image would actually be formed much nearer the 
principal focus of the objective than shown in the figure. For this 

reason the Galilean design 
is often used in opera 
glasses. 

The Reflecting Telescope 
Since chromatic aber- 
ration (see page 353) 
becomes very trouble- 
Fig. ‘ 282 . Reflecting Telescope. some when large lenses 

are used, telescopes in 
which a concave mirror takes the place of the object glass in forming 
the primary image have been designed. There are several types of 
these. Fig. 282 illustrates the principle of one designed by Cassegrain. 
A large concave mirror, A, is fitted to the end of a wide tube. Facing 
it at a distance less than its focal length is a smaller convex mirror B. 

As indicated in the diagram, parallel beams entering the tube would 
be reflected towards the principal focus, F, of A. The convex min*or 
intercepts them and reflects them through I. Thus a real image of 
a distant object would be formed near I. This image is examined 
through an eyepiece, E, fitted to an opening in the concave mirror. 
The mirrors are silvered on their front surfaces to prevent multiple 
image formation (see page 317). 

Although lenses which do not give chromatic aberration can now 
be constructed, it is easier to make large mirrors than to make large^. 
lenses, so many of the largest astronomical telescopes are of the 
reflecting type. 
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The Projection Lantern 

A lantern for showing enlarged images of transparent slides has two 
sets of lenses: L is known as the condenser and 0 is the objective 
(Fig. 283). Each set may be regarded as having the action of a convex 
lens. The source of light S is at the principal focus of the first lens of 
L, so that light passes out of it as a parallel beam. The second lens 
of the condenser then concentrates this light on the slide L Thus light 
spreading in a wide cone from S is concentrated on the slide, illuminating 
it very brightly. The objective is at a distance from I greater than its 
focal length and less than twice its focal length, so that it forms a real 
magnified image of I, The distance 01 is adjustable, so that the image 

may be sharply focused on 
the screen. Since the image 
will be inverted, the slide 
must be placed upside down 
in the lantern. 

The Episcope 

For projecting images of 
opaque objects an episcope 
is used. The object AB is 
placed on the floor of the 
lantern. A condensing lens, 
L, concentrates the light 
from a powerful lamp, S, 
on it . Light diverging from 




r 
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AB passes through another lens R which would produce an enlarged 
real image at A'B'. The light then meets a mirror, M, placed at 45° 
to the horizontal, so that the converging beams are reflected and 
actually form the image at ah. The beams then pass through an 
objective lens, S, which projects a further magnified image of ab on 
the screen. 


QUESTIONS ON CHAPTER XXVIII 

1. Describe the main features of a camera. Compare the focusing 
arrangements of a camera with those of the human eye. 

2. Explain the action of a converging lens. 

Give a simple account of the human eye considered as an optical 
instrument. [L.U. 

3. Explain the defects known as long sight and short sight in the 
human eye, and describe how each may be corrected. 

4. A person cannot see objects at a greater distance than 20 yd. nor 
at a nearer distance than 6 in. State what kind of lens you would 
provide to enable him to see distant objects and calculate what its 
focal length should be. What would be his shortest distance of distinct 
vision when using the lens ? 

5. Draw a careful diagram to illustrate the use of a convex lens as 
a magnifying glass. 

Explain the use of the term power in connexion with such a lens 
and state what is the power of a lens of 10 cm. focal length. 

6. What do you understand by the term focal length applied to 
(a) a convex lens, (6) a concave lens ? 

Draw careful diagrams to show how one and the same lens may be 
used (e) as a magnifying glass, (d) in a camera. 

State the nature of the image produced in each case. [L.U. 

7. Draw two diagrams to show how one and the same converging 
lens used in a camera forms images for two different distances of the 
object. 

^ What do you infer from your diagrams concerning the fodusing of a 
camera ? [L.U. 

8. Explain why a spherical thin glass globe filled with water cafl^f 
concentrate a beam of sunlight approximately to a point focus, and 
drai^ a diagram to show the passage of two rays of light. 
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Give an explanation also of the following observations: (a) the 
focus is nearer the globe when carbon bisulphide is used instead of 
water; (6) with both water and carbon bisulphide the image on the 
screen shows a coloured fringe round the central spot. [J.M.B. 

9. Explain with the aid of diagrams the use of a convex lens (a) as 
a burning glass, (6) as a simple magnifying glass. 

In case (b) show where to place an object relative to such a lens, 
of focal length cm., in order that the size of image produced may be 
5 times that of the object. [J.M.B. 

10. Describe how you would set up arrangements of lenses to illus- 
trate the principle of each of the following : (a) a compound microscope ; 
(h) an astronomical telescope; (c) a terrestrial telescope; (d) a Galilean 
telescope. 

In eaoh case refer carefully to the focal lengths of the lenses used, 
and explain how you would ensure that they were placed in correct 
relation to one another. 

11. What kind of lenses would you select if you wished to make the 
simplest form of compound microscope ? Draw a diagram showing the 
arrangement of th(‘ lenses and draw the paths of two rays through the 
lenses, illustrating the formation of the final image of an object. [L.U. 

12. Explain the action of the astronomical telescope, giving a 
careful diagram showing the passage of rays of light through it. [L.U. 

13. On a diagram, drawn to a scale of 1 in 3, show how two converg- 
ing lenses of focal lengths 3 in. and 15 in. respectively should be 
arranged for use as a telescope. Explain the function of each lens, 
using the diagram to illustrate your answer. 

Give one reason why such a telescope would not be used for viewing 
the stage in a theatre and one reason why it would be more suitable for 
astronomical observations. [J.M.B. 

14. Describe arrangements for projecting large images of (a) trans- 
parent slides, (6) opaque objects. 



CHAPTER XXTX 

COLOUR 


On page 308 the band of colours formed by passing a beam of 
light through a prism was noticed. You will probably also have 
noticed colour effects in connexion with images formed by lenses, and 
may have noted coloured borders to images seen when using cheap 
microscopes and telescopes, and you will certainly have observed the 
formation of the coloured rainbow when sunlight passes through 
raindrops. It may, too, have struck you as being strange that by 



reflection of white sunlight from various objects we obtain all the 
varied colour effects of nature. 

The Nature of White Light 

Newton was the first to investigate the coloured bands formed by 
passing white light through a prism. He placed a prism in the path of 
a narrow beam of sunlight admitted to a dark room through a small 
hole in the window shutter. On a screen pla ced o n the other side of 
t he j prism he observe d a b and of coTour^d pa t c Ejjl ^b!^ 
of the rainbow in the s ame order as in the rain bow. A ban d o f coloura ^ 
fo rmed in tilus waj ca lled a spectrum. Newton ^avTIbEe “fist oi 
snectrom coloura. in ordw. a s r^. or ange, vdlow. green, blue, indigo, 

360 “ 
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viol^ . These colours merge into one another, and most people cannot 
distinguish indigo as a distinct colour between blue and violet, so it is 
often left out of the list nowadays. 

To test whether the prism gave the colour to the light or whether 
^ merely separated colours already present in the white light, Newton 


Fio. 286. 

made a small slit in the screen on which the spectrum was formed 
thus allowing a beam of a certain colour to pass through it. A second 
prism was placed in the path of this beam which, while it was deviated, 
^underwent no further colour change. Newton therefore concluded 
that wdiite light was a mixture of lights of the various colours, and that 
the prisms merely separated these colours by deviating the red light 
least and the violet light most, as indicated in Fig. 285, other colours 
being deviated to varying intermediate 
extents. 

This view of the nature of white light was 
confirmed by Newton by the experiment illus- 
trated in Fig. 2S6. White light, having been 
dispersed into its component colours by one 
prism, was passed through a second prism 
exactly like the first one but placed in an 
exactly reversed position. This, by deviating 
the coloured beams to unequal extents in 
the reverse direction brought them into 
the same path as one another, and a beam of white light emerged. 

This composition of white light from light of the spectrum colours 
Tnay be shown by dividing a disc of cardboard into six sectors and 
painting them as indicated in Fig. 287. If the card is rapidly rotated 
it will appear to be almost white. 
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Pure Spectrum 

In the spectrum formed as described on page 350, the bands of 
colour overlap. They can be obtained more clearly defined, forming a 
pure spectrum, by using a lens as indicated in Fig. 288. A narrow 
beam from a source of white light is allowed to pass through a narrow 
slit in a screen. The convex lens is placed so that it forms a sharp 
image of the slit on a screen at A. The prism is then placed so that it 
is in the position of minimum deviation for the mean direction of the 
beam. The screen is then moved to position B and a sharp image of 
the slit in each colour will be formed on it. Provided that the slit is 
very narrow these images will be sufficiently separated not to overlap. 



Fig. 288 . Formation of a Real Pure Spectrum. 


Colour and Index of Refraction 

It will be clear from the preceding paragraphs that the dispersion 
of light by a prism is due to the fact that the amount of refraction 
which takes place when light passes from one substance to another 
depends on the colour of the light, violet light being refracted more 
than red light under the same conditions. It follows that a substance 
has a number of indices of refraction — one for each colour of light. 
The indicies generally used are mean indices, that is, average indices 
for light of all colours. 

A parallebsided plate does not cause dispersion, for the refraction 
at the second face is just equal and opposite to that at the first (see 
page 308), so that all the coloured beams are brought into one path as 
in the experiment illustrated in Fig. 287, where the two prisms would 
form a parallel-sided plate if moved until their faces were in contact. 
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Dispersion by Lenses 

Since the action of a lens depends on deviation produced by refrac- 
tion at its two faces, a lens will cause dispersion of white light. Thus, 
if light diverging from a white source passes through a convex lens, the 
»**>iolet component, being most refrangible, will be brought to a focus 
nearest to the lens, whilst the red, being the least refrangible, will 
come to a focus further away, other colours being focused to inter- 
mediate points. Thus, if a screen is placed at A (Fig. 289) an image 
of the slit with a violet centre and red edges will be obtained; but if 
the screen is placed at B the image will have a red centre and violet edges. 

This formation of coloured fringes in lens images is called chromatic 
abei^Hoh, and frequently causes lack of sharpness of images forifnedT 
By instruments in which lenses aic employed. By suitable combina- 
tions of lemses made of diflerent kinds of glass chromatic aberration 
can be prevented, and 
the better cameras, 
microscopes, tele- 
scopes, etc., have such 
acl^matic combina^ 
tiong of Jenses instea^ \ 

^Lsiniple lens es^ 

Complementary and 
Primary Colours 

If the red sector is 
cut out of the disc shown in Fig. 287 and the remainder is rotated, it 
will appear of a greenish-blue colour known as peacock blue. Thus it 
may be inferred that peacock blue and red light when mixed form 
white light. of colour^ which (Jp. 

megtajcyf ^Other complementary pairs may be obtained by rotating 
discs with other missing sectors. 

Complementary Pairs op Colours 
Red and peacock blue 
Green and magenta 
Blue and orange. 

^ These complementary properties may also be demonstrated b}' the 
use of colour filters, which are sheets of gelatine so treated that eacli 
lets through a particular type of light, absorbing other types. Thus. 

OKN. PHY. 23 
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if a green filter is put in the end of a ray box it will let out green light 
only, and if this light falls on a white screen the illuminated patch 
will appear to be green. Similarly a magenta screen placed in another 
box will produce a magenta patch on the screen. If the two patches 
are allowed to overlap, the part where they overlap will appear to b^ 
white. 

The effect of mixing colours which are not complementary may 
also be investigated in the same way. Thus by allowing blue and 
red patches to overlap magenta may be produced. 

A co lour which cannot be is said 

to EeX jgSfna^ c(3QiS„ Others are mixed colours. The artist spe^s 
of red, yellow, and blue as the primary colours because he cannot make 
pigments of those colours by mixing the other pigments in his box. 
Experiments on mixing coloured light, however, show that yellow can 
be obtained by mixing red and green, and that violet rather than blue 
is the primary colour. Also green cannot be formed by mixing light 
of other colours. Thus to the physicist the primary colours are red, 
green, and violet. The following tabl^ives the results of some colour 

Colours Mixed Result 


Blue + red 
Blue + green 
Red + green 
Magenta + green 
Blue + red + green 
Peacock blue + red 
Yellow + blue 


Magenta 

Peacock blue 

Yellow 

White 

White 

White 

White 


Note that 4, 5, 6, and 7 are all really the same, since magenta is 
blue + red, peacock blue is blue + green, and yellow is green + red. 

Colour by Subtraction 

If a blue and a red filter are put together in the end of a ray box, 
no light wjir come out and the filters will appear black. Suppose the 
light meets the blue filter first. Only blue light passes through it. 
This blue light then meets the red filter through which only red light 
Ijan pass, and so no light gets through both filters. 
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If a peacock-blu e and a yellow filter are put together green light 
will come out and illuminate a green patch on a white screen. jihiT 
ue filter transmits a mixture of gre^ and blue light. iSnce" 


yeLlow is a 


low filter will 


i ^reen but stop t he blue, and s o 

An interesting result can be 
obtained by mounting over- 
lapping ji^^ta, peacock-blue^ 
and yellow .filters on a lantern 
sli de a s shown ^ m Fig. 290. 
When the slide is placed in the 
lantern the image on the screen 
shows segments of colours as 
indicated in the diagram. Note 
that the segment in the middle 
is black because no light of 
any kind can pass through it. 



Colours of Objects „ r. 

** SuBriiACTioN OF Colours by Filters. 

' The fact that most objects 

are seen by means of light which they reflect has been mentioned a 
number of times. 


Produce a pure spectrum and move a piece of white paper about 
in it. It will always appear to be the colour of the part of the 
spectrum in which it is placed. This is because it can reflect any 
kind of light, so that, for example, when it is placed in red light it 
reflects red light to the eye and appears red. 


Now move a bright red poppy petal about in the spectrum. It 
will appear to be red while in the red part, but will appear black in any 
other part. Red light is the only kind of light it can reflect. When 
put in light of another colour it absorbs that light, so that no light is 
reflected to the eye. 


Test pieces of other coloured materials in the same way. Some 
may show colour in more than one part of the spectrum. For example 
a yellow body may appear yellow in the yellow part, red in the red part, 
«nd green in the green part since it is capable of reflecting red and 
green as well as yellow light. The colour of such a body is not a true 


spectrum colour. 
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It will be seen from these results that the colour of a body depends 
partly on the kinds of light which U absorbs and reflects, and partly on the 
kind of light falling on it. A pure green body reflects green light and 
absorbs light of all other colours so it will appear green in any kind of 
light containing a green component but black in any light from which* 
green is absent. Interesting effects can be obtained by applying this 
principle. For instance, make a drawing on white paper, some features 
being drawn with red crayon and others with green. When it is 
illuminated with red light the red features will be indistinguishable 
from the background which will reflect red light, and the green features 
only will show up as black on a red background. In green light the 
red features will show up black on a green background. In white 
light, of course, the red and green features are seen on a white back- 
ground. Use is sometimes made of this in connexion with theatrical 
scenery. By changing the light with which the scenery is illuminated 
a totally different scene can be produced. 

Few bodies have pure colours, but usually can reflect light of 
more than one colour. As a body is usually seen in white light, the 
mixed colour produced by all the components it will reflect is regarded 
as its natural colour. Artificial light is seldom pure white. It may be 
deficient in certain colours or may have an excess of some particular 
colour. Thus, objects often appear to have a colour different from 
their natural colour when view^ed in artificial light. This is very 
noticeable in the light from mercury vapour or sodium vapour lamps 
now used to light many main roads. Light from a mercury vapour 
lamp has very strong green, yellow, and blue components, whilst that 
from a sodium vapour lamp is strongly yellow. 

It is well known that colours matched in artificial light often 
appear to differ considerably in daylight. Thus, in a light which con- 
tained an excess of red and a deficiency of blue, objects coloured red, 
white, and magenta might all appear to match since all would reflect 
red light. 

Pigments.— The mixing of pigments should not be confused with 
the mixing of colour. The artist regards green as a mixed colour 
because he produces green pigment by mixing blue and yellow. The 
explanation is that neither his blue nor his yellow pigment has a 
pure colour. The blue pigment will reflect green light as well as blue, ^ 
as may be shown by its green appearance in green light. The yellow 
pigment reflects green and red light. When they are mixed the blue 
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pigment absorbs the red light and the yellow one the blue light so that 
the only colour which is not absorbed by one or the other and can be 
reflected by the mixture is green (see Fig. 291). 

^ Colour of Trai^kfarknt Substances. — stained glass window 
which appears richly coloured when seen from inside a church during 
the daytime usually appears dull and uninteresting when viewed from 
outside or when viewed from inside by artificial light at night time. 
In the latter case the colours show up when the window is viewed from 
the outside. Thus the apparent colour of the glass depends on whether 
the eye receives light which has passed through it or light reflected 
from it. 

A coloured transparent substance usually reflects light of certain 
colours, .absorbs 
light of other col- 
ours, and transmits 
certain colours. 

Thus a piece of 
glass might reflect 
red light, absorb 
^orange, yellow, 
green, and violet, 
and transmit blue 
light. If light 
which had passed 
through it entered 
the eye it would 
appear to be blue, 
but on looking at it with one’s back to the light so that it was seen by 
reflected light it would aj)pear to be red. This effect is well shown by 
a solution of fluorescein in alkali which appears red when held up to 
the light but green when viewed by reflected light. Such a body is 
generally said to have the colour of the light it transmits. 

Colour and the Eye 

The retina contains a number of nerve ends which are sensitive to 
Tight falling on them. Some are specially sensitive to red light, some to 
green light, and some to violet light. When light enters the eye, the 
three sets are stimulated to different degrees according to the proportion 


Green Red 
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of red, green, and violet constituents in the light, and so various colour 
sensations are produced. 

In some persons one set does not work, and colour blindness results. 
The commonest form of colour blindness is one in which either the 
red or the green set is missing, so that reds and greens are often con- 
fused and may be matched with one another. In some cases two sets 
are missing so that differences of colour only give the sensation of 
different shades, and any colour will be matched against some shade 
of grey. Many people suffering from colour blindness are unaware of 
the fact since they can distinguish as different shades those things 
which other people refer to as being of different colours. Only careful 
colour matching tests can reveal the defect. The importance of 
detecting it in people such as engine drivers and motor drivers who 
must be able to distinguish colour signals is obvious. 


QUESTIONS ON CHAPTER XXTX 

1. Make a clear drawing, with brief description, of the arrangement 
of apparatus suitable for showing the composite character of white light. 

Mention any common phenomena which lead you to infer that theu 
components of daylight and gas light differ from one another. [L.U. 

2. Briefly describe experiments by which Newton demonstrated 
the composite character of white light. 

3. Explain what you mean by complementary colours. How 
could you demonstrate that green and magenta are complementary 
colours, and how could you find other complementary pairs. 

4. Explain the coloured edges often seen when an object is viewed 
through a telescope. 

5. Why does a piece of paper appear white, a rose appear red, and 
a leaf appear green in daylight ? 

How would you expect them to appear when viewed (a) in green 
light, (6) in red light, (c) through green glass, (d) through red glass, 
(e) though blue glass. 

6. Describe and illustrate with a diagram the arrangements yo^ 

would make to project a pure spectrum of white light upon a screen. 
Describe the appearance of the spectrum and explain why the screen 
must be white. [L.U. 
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7. Illustrate by a carefully drawn diagram the formation of a pure 
spectrum from an arc lamp. 

What would be the effect of substituting for the arc a Bunsen 
flame coloured 5'^ellow by a sodium salt ? [L.U. 

8. How would you produce the colours of the rainbow in the 

laboratory ? Draw a diagram showing the apparatus you would use 
bo ensure the minimum of overlapping of the colours. [L.U. 

9. Describe exactly how you would project a spectrum on to a 

screen. What further experimenls could you carry out with the 

apparatus ybu describe in order to account for the colour of (a) opaque 
Dbjects, (6) transparent objects. [L.U. 

10. A narrow parallel beam of whife light falls upon a white screen. 
Give clear, diagrams to show how a glass prism whose angles are 90°, 
15°, 45° can be used (a) to invert the beam without producing colour, 
(6) to obtain a coloured patch of light on the screen. 

In the latter case explain what would be the effect on the coloured 
patch (i) if the white screen were replaced by a red one, (ii) if the 
prism were then replaced by a similar prism of higher refractive 
index. [J.M.B. 

11. Explain two of the following: — 

(а) The images observed when a lighted candle is held between 

two plane mirrors inclined at 90° to each other. 

(б) The apparent bending of a straight stick partly immersed in 

water. 

(c) The formation of a pure spectrum on a screen. 

In each case illustrate your answer w'ith a diagram. [L.U. 

12. A thick piece of red glass is backed with silver to form a mirror. 
When the image of a stick of white chalk in front of the mirror is viewed 
from a position to one side of it, a faint white image is seen in front of 
a clearer red image. Explain the formation and colour of each image. 



CHAPTER XXX 

PHOTOMETRY 

Power of a Lamp 

Electric lamps are frequently stated to have a power of 100 watts, 
50 watts, and so on. This is a statement of the rale at which they 
consume electrical energy and, therefore, of the rate at which they 
give out energy. (See Chapter XL VII.) It is not, however, a true state- 
ment of their powers as illuminants. Much of the electrical energy 
supplied to a lamp is converted into heat, and only a fraction of it is 
converted into light. This fraction may vary for different lamps, and 
so a 100 watt lamp is not necessarily twice as powerful an illuminant 
as a 50 watt lamp. It is clear from this that some method of measuring 
the actual light producing power of a lamp is necessary. 

The illuminating power of a lamp is defined as the rate at which it 
gives out energy in the form of light. This might be measured by the 
number of ergs of light energy it emits per second. Such measurements 
are difficult, and it is more convenient to compare the lamp with a 
standard candle. This is defined by Act of Parliament as a spermaceti 
candle weighing J lb. and burning 120 grains per hour. A lamp which 
gives out 6 times as much light per second as a standard candle is said 
to be of 6 candle-power. It is difficult to produce candles which are 
exactly alike and to keep them burning at exactly the same rate under 
different conditions, so other standards have been devised for practical 
use. In Britain the Vernon Harcourt lamp is much used. This is a 
lamp which burns the kind of paraffin known as pentanCj and if made 
according to certain specifications, is of 10 candle-power. Standard 
electric lamps which have a known candle-power when a fixed voltage 
is applied to them have also been devised. 

Most sources of light do not emit light equally in all directions so it 
is usual to-day to measure the luminous intensity in a given direction 
of a source. This is defined as the rate at which light energy flows 
from the source in the given direction and is measured by thf^ 
amount of such energy per unit solid angle emitted per second in that 
(^etion. 


360 



PHOTOMETRY . 


361 


(Note. — A unit solid angle is the angle of a cone which has its 
vertex at the centre of a sphere of 1 cm. radius and which cuts off 
1 sq. cm. on the surface of the sphere, Fig. 291 (a). Since the whole 
surface area of such a sphere would be 47r sq. cm. it follows that the 
total solid angle surrounding the centre of the sphere, or any other 
point, is 47r units.) 

The rate of flow of the light energy is measured in lumens, a lumen 
being the rate per unit solid angle at which light flows from a source of 
one candle power giving out light uniformly in all directions. It 
follows that the total rate of flow in all directions from such a source is 
47r lumens. If any source of light emits light energy in any direction 
at the rate of x lumens per unit solid angle the flow in that direction is 
X times what it would be from a uniform source of one candle power, so 
the givefl source may be said to have a luminous intensity of x candle 
power in the given direction. 

Intensity cf Illumination 

A page of print can usually be read more easily in 
some positions than in others in a room, and this is 
clearly due to more light reaching the page in one 
position than in another. The quantity of light energy 
reaching each unit area of a surface per second is called Fio, 291 (a), 
the intensity of illumination or simply the illumination 
of that surface. Measurement of this quantity is important to lighting 
engineers so that at each point in a building they may arrange for an 
intensity of illumination suitable to the work to be carried out there. 
Again, it is convenient to use a practical unit instead of the usual 
energy units. The intensity of illumination which would be produced 
on a surface perpendicular to the incident light by one standard candle 
one foot from it is called one foot-candle. If the surface receives light 
at twice the rate at which it is received under the above conditions, the 
intensity of illumination is two foot-candles, and so on. Metre-candles 
and cm. -candles may be similarly defined. 

It is becoming usual to describe the illumination of a surface as 
being measured by the number of lumens falling on unit area of it. 
A spWe of one foot radius would have a surface area of in sq. ft. There- 
fore, if a uniform source of one candle power were placed at its centre, 
light energy would flow on to each square foot of the surface at the 
rate of one lumen. Thus an illumination of one lumen per sq. is 
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identical with one foot-candle. Similarly, an illumination of one lumen 
per Hq. metre is identical with one metre-cundle. This latter illumina 
tion may be referred to as one lux. 

Jt will be evident that the intensify of illumination of a surface 
depends on the power of the source of light illuminating it, and a little* 
thought will lead to the (Conclusion that the intc'iisity will be proportional 
to the power of the source. For example, if two standard candles are 
placed together objects around them will receive twice as much illumina- 
tion when both are lighted as when one only is lighted. 

The intensity of illuminatimi of a surface will also depend on its 
distance from the source of light. This follows from the fact that the 
light spreads out as it travels from the source, and therefore light which 
would be interceptcid by the surface when near the source will pass by 
it when it is at a distance. (Compar(» a and h, Fig. 292.) It also 



depends on the angle at which the light is incident on the surface. 
(Compare b and Fig. 292.) 

Inverse Square Law 

Cut a square hole with sides I in. long in a sheet of cardboard, and 
stand the sheet 1 ft. from a small electric lamp. Behind it and parallel 
with it place, another sheet 2 ft. from the lamp. A square patch of 
the second sheet will be illuminated by the light which passes through 
the hole in the first screen. Measure the side of the patch and it will 
be found to be 2 in. Hence the area* of the, patch is 2* sq. in. Hence 
light which passes through 1 sq. in. of the first screen is spread over 
4 sq. in. on the second one, and each sq. in. of the second screen receives 
only J of the light falling on 1 sq. in, of the first one. That is, the 
intensity of illuminution at a distance of 2 ft. from the source is ^ of 
the intensity at a distance of 1 ft. 
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If the second screen is moved hack until it is 3 ft. from the lamp, 
the side of, the illuminated patch on it will be 3 in., so that its area is 

3* sq. in., and the intensity of illumination on it is of the intensity 

at a distance of 1 ft. In this way, taking the intensity of illumination 
at. 1 ft. from the lamp as being 1 unit, a table such as the following 
may be obtained: — 


)1STANCK FUOM 

Lamp 

Side or Square 

AitEA OF Square. 

Intensity of 
Illumination 

1 ft. 

1 in. 

1 Bq. in. 

1 

2 ft. 

2 in. 

2® Hq. in. 

1 

2« 

3 ft. 

3 in. 

3^ sq. in. 

1 



3* 

4 ft. 

4 in. 

4^ sq. in. 

1 

4* 

5 ft. 

r» in. 

5* sq. in. 

1 

5» 


From the results of an experiment of this kind we deduce the 
following important fact : — 

The intensity of illiunination on a surface is inversely proportional to 
the square of its distance from the source of light. This statement is 
known as the law of inverse squares. 

General Relation for Intensity of Illumination 

Since the intensity of illumination is directly proportional to the 
power of the source and inversely proportional to the square of the 
distance of the surface from the source, results such as the following 
may be obtained: — 
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l^jwER OF Source 

I)isTA?fCE OP Surface 

! I 

Intensity of 
Illumination 

1 ••.p. 

1 1 ft. 

1 ft.-candlc (Definition) 

2 c.p. 

1 1 ft. 

2 ft.-candles 

5 c.p. 

2 ft. 

ft.-candles 

6 c.p. 

3 ft. 

ft.-candles 

JO c.p. 

1 

6 ft. 

ft.-candle,3 

a- c.p. 

dft. 

ft. -candles 


It will be seen that the general relation may be written as follows;— 

^ . .. , „ „ , Power {candle power) 

Int. of lUummation (ft.-candles) = — ,0-7^ v— 

(Distaiice)2 (feet) 

Example. — A lamp gives an intensity of illumination of 6 ft. -candles 
on a surface 2 ft. from it. What is its power ami what intensity of illumi- 
nation will it give at a distance of 6 ft. ? 

Let X c.p. be the power of the lamp. Then : — 



Let y ft. -candles be the intensity produced at a distance of 6 ft. 
Then: — 

20 20 f) _ , . 

= = 9 = = 

Power of lamp is 20 c.p. 

Intensity of illumination at 6 ft. is ’50 ft. -candles. 

Photometers 

For comparing the powers of sources of light instruments known as 
photometers are used. These are of various forms, but all are designed 
to enable a point to be found at which the two sources being compared 
produce equal intensities of illumination. 

(1) The Wax-Block Photometer (Joly*s Photometer). — This' 
consists of two rectangular blocks of paraffin-wax made as exactly 
Hike as possible. These are separated by a thin sheet of tin-foil. 



PHOTOMETRY 


365 


The two sources are placed a fixed distance apart, 1 metre is very 
convenient, in a dark room, and the paraffin block is moved along the 
line joining them, with the tin-foil perpendicular to that line, until the 
two halves of the block, 

"Viewed from the side, 
appear equally bright. 

As no light can pass 

through the tin-foil, - a. — 

each half is illuminated 204 . 


PARA H 

wa: Nf 


only by the source 

facing it. Hence, when the half-blocks are equally bright, the two 
sources are producing equal intensities of illumination at the tin-foil. 
The distance of each lamp from the tin-foil is then measured. 

Suppose the powers of the two lamps to be Pj and Pg, and their 
distances from the tin-foil are and dg. Then the intensity at the 


p p 

tin-foil is on one side and - ~ on the other. 
di 

intensities are equal 


Therefore, when the two 


Pi _ P2 . . Pi _ 

d;^ •• Po \if 


That is, the powers of the sources are directly proportional to the 
squares of their distances from the point where they produce equal 
intensities of illumination. Jn this way the measurements mentioned 
above enable the ratio of the two powers to be calculated, and if one 
is a standard lamp of known candle-power, the pow(;r of the other 
can be determined. 

The two half- blocks arc probably not identically alike, so after taking 
one set of readings the block should be reversed so that Pj illuminates 
the half formerly illuminated by Pg, and a fresh adjustment and 
measurement should be made. The average distances from the lamps 
are used in the calculation. 


Example. — A standard 10 c.p. lam'p and a 500 watt lamp are placed 
1 w. apart and a wax photometer is placed between them. The two sides 
appear equally bright when the tin-foil is 17-8 cm. from the standard 
tamp. On reversing the qdiotometer it has to be moved to a distance of 
18*4 cm. from the standard for equal brightness. Calculate the candle- 
power of the 500 watt lamp. 



CHAPTER XLI 

POTENTIAL AND CAPACITY (CAPACITANCE) 


The Electrophorus and the Wimshurst Machine 



Fig. 404. 


A device for securing a large number of similar 
chargc.s is the electrophorus. As shown in Fig. 404 
it consists of two parts, a plate of ebonite and a 
metal disc mounted on an insulating handle. 
The ebonite is negatively charged by beating with 
fur. The metal disc is placed on it, momentarily 
earthed and then removed, holding it by the insu- 
lated handle. The disc, if tested, will then be 
found to be positively charged. Although the disc 
is })laced on the ebonite plate it only makes contact 
at a few points, and the process of charging it is one 
of induction as illustrated in Fig. 405. If the disc 
is now discharged the process may be repeated and 
theoretically an unlimited number of charges may* 


be obtained 
in this way. 
Actually the 
negative 
charge gradu- 
ally leaks from 
the ebonite 
disc which 
requires re- 
charging after 
a time. 

In most 
cases the ebo- 
nite plate has 
a metal base 
known as the 




DISC POSITIVELY CHARGED 


sole. This, by (c) ^d) 

being in con- 

tRct with the bench, is earthed. As a consequence a positive charge is 
mdugid on the surface of the sole in contact with the ebonite, the * 


484 



POTENTIAL AND CAPACITY 


485 


induced negative charge going to earth ^Fig! 406). The attraction 
exerted by the positive charge on the sole tends to prevent the escape 
of -the negative charge from the ebonite. Frequently a metal pin 
passes through the ebonite from the sole and just projects above the 
jitbonite surface. This automatically earths the metal disc when it is 
^Jaced on the ebonite and does away with the need for touching it 
to earth it. 

The Wimshurst machine, which you may have seen in use, is essen- 
tially based on the principle of the electrophorus. Full details of its 
action will not be given here, 
but if you examine one you 
will find that it is composed 

of two insulating discs, face earth 

to face, so mounted that they 400 . 

can be rotated in oj)posite 
directions. Each disc carries 
a ring of metal plates on it. 

Some of the plates on one 
disc are given a slight charge 
^to begin with. As the charged 
and uncharged plates come 
opposite one another induc- 
tive eifects take place and 
new charges appear. Two in- 
sulated conductors are 
arranged so that one will 
collect the positive charges 
from the plates and the 
other will collect the 
negative charges. These 
conductors may be highly charged by a few turns of the machine. 

Electrical Energy 

In collecting a charge a quantity of mechanical work must be done. 
Imagine a positive charge being built up on an insulated conductor by 
i{[.he gradual addition of small positive charges to it. Each small portion 
of charge as it is brought up will experience repulsion from the charge 
already present, and mechanical work will have to be done to bring it 
* up to the conductor against this repulsion. It follows from the law of 
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conservation of energy that the charge must have a store of potential 
energy equivalent to the quantity of work done in collecting .it, and 
that in discharging it will be able to do an amount of mechanical work 
equal to that quantity. This quantity of work is said to measure the 
potential of the charge. 

Potential at a Point. Potential DifEerence 

To bring a unit positive charge up to any given point in the field 
due to a positive charge from a point outside the infiuence of that field 
will require a definite amount of work to be done by some external 
agency against the repulsion experienced by the unit -charge. This 
amount of work is said to measure the electrical potential at the point. 
If the unit charge is released at the point it will be driven away by the 
repulsion of the charge to which the field is due until it is once more 
outside the influence of the field, and an amount of energy equal to the 
potential of the point will be released during this operation. To bring 
a positive charge of x units up to the point would require an amount 
of work equal to x times the potential of the point, and that amount 
of energy would be released during the removal of the charge from 
the influence of the field. 

If the field is due to a negative charge the work necessary to bring 
the unit charge to the point will be done by the attraction of the 
negative charge, and energy will be released from the field. An 
equivalent amount of work will have to be done by an external agency 
in removing the unit charge from the influence of the field. In this 
case the point is said to have a negative potential. 

Potential Difference. — If two points, A and B, in any field are 
considered, it will usually require the doing of a certain quantity of 
work to transfer a unit positive charge from A to B. This quantity is 
said to measure the potential difference between A and B. If it is 
done against the forces due to the field B is said to have a higher 
potential than A, if it is done by the forces due to the field B is said to 
have a lower potential than A. From this it follows that positive 
charges tend to be driven from points of high to points of low potential 
when placed in electric fields. Negative charges tend to be driven 

opposite direction, i.e. from points of low potential to points of 
high j|)otentia]. Note that a potential of — 60 e.s.u. would be lower 
of — 10 e.s.u. 
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Equipotential Surfaces y ^ 

Work is not always done^n tr^sferring a charge from one/oint to 
another in an electric field. If the journey can be accomplished In such a 
way that the charge is always moving at right angles to the line of force it 
meets, it will experience no forces tending to prevent or assist its motion 
and so no work will be done. In that case there will be no potential 
difference between the two given points. If a surface is described in an 
electrical field so that every point on it has the same potential it is an 
equipotential surface. It will be clear from the foregoing that an equipo- 
tential surAice is everywhere perpendicular to the lines of force meeting it. 

A field of force may be mapped by drawing sections of its 



Fig. 408. 

equipotential surfaces instead of its lines of force. The direction of 
the electrical force could always be found on such a map as, from a 
given surface, it would always be towards a surface at lower potential. 
Also, if the surfaces are drawn so that there is a constant difference 
between successive pairs, the nearer they are together the greater the 
intensity of the field, for crowding of the surfaces would indicate the 
performance of a large amount of work during movement over a short 
distance which would necessitate a large force being employed In 
^ Fig. 408 lines of force are indicated by complete lines and equipotential 
surfaces by broken lines. Note the line of zero potential passing half- 
way between the charges, and that the surfaces are most crowded in 
parts of the field where the lines of force are most crowded. 
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Experiments on Potential 

Obtain some metal cans of different sizes — cocoa tins, etc., will do. 
A pair of identically similar gold-leaf electroscopes are also required.* 
Different cans may be given equal charges by tlie following method. 
Charge the ebonite plate of an electrophorus. From it charge by 
induction a metal disc mounted on an insulated handle, the disc being 
small enough to go inside the tins. If one of the tins is placed on a 
slab of wax or ebonite to insulate it and the disc is made to touch the 
inside of it, it will gain and retain the whole of the charge from the 
disc. If the process is repeated using another can, the sam(fe charge as 
before will be carried by the disc so the two cans will be equally charged. 
By dischaiging the disc a numbef of successive times inside the same 

can a charge which is a definite multiple 
of that carried each time may be given 
to it. 

Place a small can, A, on the disc of 
one of the electroscopes, and a larger 
can, B, on the other. By the method 
explained above give equal (*hargcs to the 
two cans. It will be found that A causes 
a greater divergence of tln^ leaves than 
B (Fig. 409). 

Wind the middle of a stout copper 
wire round an ebonite rod. Lifting 
Fig. 409 . wire by means of the rod place 

it so that it makes contact with A and 
B (Fig. 410). The divergence of the leaves below A will decrease and 
that of the leaves below B will increase, showing that charge is being 
transferred from A to B. It will also be found that the two elec- 
troscopes are now showing equal divergences. Since t he charges on A 
and B were originally equal, it cannot be size of charge alone which 
determines its flow from one body to another. If we think of each 
charge as being made up of a number of small units, those units would 
be more crowded, and hence their mutual repulsions would be greater, 
on A than on B. Thus we may say that there was an “ electrical 
pressure ” tending to drive the charges from A to B. This is what 
we mean by say-ing that the charge on A was at a higher potential'" 
tSan that on B. It is clear from this that potential difference is the 
driving influence which will cause flow of electricity from one conductor 
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to another, and it is to be expected that the flow will cease when the 
charges on the two conductors are at the same potential. 

•The experiment also shows that the electroscope is a measurer of 
potential rather than a measurer of 


itarge. Note that with equal charges 
IS^'ere was a wider divergence in the 
case where the j)otential was higher 
(Fig. 409) and with equal potentials 
the divergences were equal although 
the charges. were unequal. 

A(‘tually, the amount of diverg- 
ence is a measure of the potential 
difference between the leaves and the 
metal case of the (ilectroscope. A 
positive charge on the leaves will give 
them a higher potential than the un- 



charged case, and since positive Pio 410 ^ 

charges tend to be driven towards 

points of lower potential, the leaves sj)read outwards towards the case.* 
^If the leaves are negatively charged they will have a lower potential 
than the case. But negative charges tend to be driven towards points 
of higher potential, so once more the leaves will spread towards the case. 

The’ dependence of the action of the elec^troscope on difference of 
potential may be shown as follows. Charge the electroscope in the usual 
way, causing a divergence of the leaves (Fig. 411). Stand it on an insula- 



ting block and connect the cap to the metal case by means of the wire 
wound round the ebonite rod. The leaves will collapse and will remain 
collapsed when the wire is removed. Now earth the metal case and the 
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leaves again diverge, showing that they still have a charge. When the 
wire connexion is made, part of the charge from the leaves flows to the 
case till both are at the same potential. When the wire connexion is 
removed and the case is earthed, the potential of the case is lowered 
by loss of charge to the earth, so that it is once more below that of 
the leaves. Only when the difierence of potential exists do the leaves 
diverge. 

Surfaces of Conductors 

It may be inferred from the above that the surface of a conductor 
is an equipotential surface. If differences of potential existed on it 
positive charges would be driven from the points of high potential to 
those of low potential until the potentials were equalised. Remember 
this really means that electrons — ^negative charges — would be driven 
from the points where potential was low to those where it was high, 
but it became customary to describe the action as above before 

scientists had knowledge of 
electrons and protons. 

This property of the 
surface of a conductor may ^ 
/\ be demonstrated by means 
of the electroscope. Con- 
nect the disc of an electro- 
scope to that of a proof plane by means of a flexible copper wire. 
Touch some part of the surface of a charged conductor with the proof 
plane and the electroscope leaves will diverge measuring the potential 
of the point on the conductor touched by the plane. Slide the disc of 
the proof plane to various points on the surface of the conductor. The 
divergence of the leaves will remain constant, indicating that there is 
’no change of potential as the disc moves from one pait of the surface 
to another. 

Carefully compare this method of using the electroscope to compare 
potentials with that given on page 479 for comparing charges. The 
electroscope is really measuring potential when used to compare charges, 
but if all charges are brought to the same distance from the electroscope 
disc, a large charge will produce a bigger potential in the electroscope 
than a small charge and so cause a wider divergence of the leaves. ( 
^ A still better way of comparing charges carried by a proof plane is 
, to stand a small can on the electroscope disc. Touch the inside of the 
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can with the charged plane so that all charge passes to the can and 
electroscope, giving them a certain potential and causing the leaves to 
diverge. Discharge the instrument by earthing and repeat the process 
after charging the plane again. If the second charge is bigger than the 
Mrst it will give the instrument a higher potential and so cause a wideif" 
^divergence of the leaves. 

Zero Potential 

The earth is a conductor, so its surface is an equipotential surface. 
Moreover, though it is continually gaining and losing charges, these 
gains and losses just about balain^e one another, and the earth is so 
large that a small gain or loss in its charge has no appreciable effect on 
its potential which remains practically constant. Hence the potential 
at the ‘surface of the earth is a convenient standard with which to 
compare other potentials, and for practical purposes it is taken to be 
zero. Thus a potential of + 5 e.s.u. means a potential 5 units hi|>her 
than that of the earth’s 
surface, and one of - 5 
e.s.u. means one 5 units 
lower than that of the earth. 

Any earth connected con- 
ductor will be at zero poten- 
tial fo!* it and the earth form 
one conductor. The case of 
it will be at zero potential. 

Induction and Potential 

Induction may be described in terms of potential. If the positively 
charged body C in Fig. 413 is brought near the insulated conductor AH, 
A will be at a higher potential than B owing to its shorter distance from 
C. This will cause electrons to flow from B to A. The negative 
charge accumulating at A tends to lower the potential there while the 
positive charge at B raises the potential at B. This proceeds until all 
points on AB have the same potential once more, although parts of it are 
differently charged. This may be verified as indicated in the diagram. 

Under the conditions shown, AB has a positive potential, so if it is 
‘ connected to the earth electrons will flow into it from the earth u/itil it . 
potential becomes zero. This means that the positive charge at H i^ 
neutralised, and the negative charge on AB just neutralises the positive 



Fio. 413. 

an electroscope is usually earthed, so that 
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potential due to C. Under these conditions the electroscope will show 
no divergence as PP is moved about on AB. If now the earth coi)nexion 
is broken and C removed, the positive potential due to C disappears, 
and AB acquires a negative potential due to its own charge. The leaves 
will now diverge owing to their potential being lower than that of the" 
earthed case. 


Capacity (or Capacitance) 

The experiment on page 488 shows that different conductors may 
be raised to different potentials by equal charges. We express this 
difference by saying that the conductors have different capacities for 
electricity or have different capacitances. The capacity (or capacitance) 
of a conductor is measured by the quantity of electricity which has to 
be given to it to raise its potential by one unit. Thus, if 10 e.s.u. of 
electricity causes a rise of 5 e.s.u. of potential in a conductor, the 
capacity of the conductor is = 2 e.s.u. The general relation is: — 


Capacity 


Quantity 

Potential’ 


Potential 


Capacity = Capacity x Potential. 


Sharing of Charges by Conductors 

If two conductors at different potentials are placed in contact or 
coniiected^l^ a conducting wire there will be a flow of positive charge 
from the one at higher potential to the other. Also both must come 
to the same potential and so will finally share the total charge in 
proportion to their respective capacities. 

Example. — A coiiductory A, of capacity 20 with a charge of 
+ 200 e,8M, is placed in contact with a conductor, B, of capacity 10 e.s.u, 
and a charge of — %) e.s.u. What charge will each have when they are 
separated and what will be the potential of each? 

Total charge = + 200 — 20 e.s.u. = + 180 e.s.u. 

Let final charge on A be x e.s.u. Then that on B is 180 — x e.s.u. 

ij. 180 X 

/. Potential of A e.s.u., and Potential of B = — ~ — e.s.u. 

10 
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But these potentials must be equal; 

i ^ = 3600 - 2Cte; 

3()j: - nm); X = 120. 

IToik ‘0 ainrge on A. = 120 e.sM. Charge on B = 60 e.is.u. 

The common potential ^ ~ 6 e.s.ii. 

It is evident that condactors of equal capacities would share a 
charge ecpially when placed in contact. 


Condensers 

By induction give a positive charge to an insulated metal plate 
which has been connected to the 
disc of* an electroscope. Note the 
div ergence o f the lea ves . Now place 
an earthed plate parallel and near to 
the insulated one. Note that the 
divergence of the leaves decreases, 
showing a fall of potential in the 
^ charged plate. Since this has 
occurred without any loss of charge 
from A, the capacity of A must have 
been hicreased by bringing B near it. 

The explanation is that the posi- 
tive charge on A induces a negative 
charge on B. Tliis tends to set up a Fm. 414. 

field of negative potential around 

it and so reduces the positive potential at A. Hence more positive 
charge must be given to A to bring it up to its former potential, so the 
capacity of A has increased. 

Any such arrangement for increasing the capacity of a conductor is 
called a condenser. 



Factors Affecting Capacity 


i 


Place the plates A and B in Fig. 414 at varying distances apart. 
Note that the nearer they are together the less the leaves diverge, i.e. 
tJiA capacity of A increcLses as the distance between A and B decreases. 

Slide plates of insulators such as ebonite, glass, or mica between A 
and B. In each case the introduction of the plate causes the divergence 
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to become less, showing an increased capacity. Thus th£ capacity of a 
condenser depends on the insulator between its plates. This insulator is 
generally called the dielectric of the condenser, and different dielectrics 
are said to have different specific inductive capacities or dielectric con- 
stants. That of air is taken to be 1. For any other dielectric it is' 
equal to 

Capacity of condenser with given dielectric between plates 
Capacity of exactly similar condenser with air between plates* 

Most solids have sj)ecific inductive capacities or dielectric constants 
greater than 1. 

Stand a tin can on an insulating slab, connect it to the disc of an 
electroscope, and give it a positive charge. Gradually lower a smaller 

earthed can into it without t-llowing 
the cans to make contact (Fig. 415). 
Note that the divergence of the 
leaves decreases as the can is low- 
ered. This indicates that the capacity 
of the first can increases as the area 
of the two surfaces facing one another 
imreases. 

From this it is seen that to make 
Fio, 4J5. a condenser of large capacity we 

need (1) plates of large area, (2) 
placed very near one another, and (3) separated by a dielectric of high 
specific inductive capacity. 

Uses of Condensers 

With a condenser of large capacity a very big charge can be 
accumulated without its producing a high potential. This means that 
the mechanical work which has to be done to accumulate it is less than 
would be required to accumulate an equal charge on a*conductor of 
low capacity where it would produce a much higher potential. Thus 
the collecting conductors of a Wimshurst machine are connected to 
condensers so that large charges, which will give large momentary 
Sows of electricity on discharging, can be collected on them by means of. 
a small amount of mechanical work. * 

Condensers are also used in wireless sets where capacity in various 
piai^ of the circuits plays a large part in correct “tuning.” 
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Condensing Electroscope 

A condenser may be used to enable an electroscope to detect small 
potential differences. For instance, the potential difference between 
the poles of a pocket lamp dry battery is too small to affect a gold-leaf 
.■^^ectroscope, but it may be made apparent in this way. A thin sheet 
S^of ebonite is placed on the disc of the electroscope and an earthed 
metal plate is placed on the ebonite. The negative pole of the battery 
is earthed to bring it to the same })otential —zero — as the earthed case 
of the electroscope. The positive pole of the battery is connected by 
a wire to the electroscope disc which is thus brought to the same 
potential as the positive j)ole. The leaves do not diverge visibly as 
the potential difference between them and the case is too small to 
cause them to move [Fig. 416 (a)]. 





Jj 


A 
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The connexion between the battery and the electroscope is now 
broken and the earthed plate is raised. This reduces the capacity of 
the electrometer disc and leaves so that the charge they contain now 
raises them to a higher potential and the leaves diverge [Fig. 416 (6)]. 
If the earthed plate is always raised to the same height, or, better still, 
removed to too great a distance to affect the electroscope, the resulting 
divergencies of the leaves may be used to compare potential differences 
in different cells. 


Types of Ckmdensers 

(1) The Leyden Jar. — This is a type of condenser frequently seen 
in laboratories (Fig. 417). It consists of two metal sheets, one on the 
^inside and the other on the outside of a glass vessel. A metal knob 
and rod are usually connected with the inner metal coating which is 
> the insulated plate of the condenser. The outer coating is earthed 
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by its contact with the bench on which it stands. The jar may con- 
veniently be charged by placing the knob in contact with one of the 
conductors of a Wimshurst machine. For discharging, a pair of metal 
tongs with an insulating handle are usually provided (Fig. 418). The 
ends of these tongs are brought into contact with the knob and the 
outer coating. If one contact is made before the other a spark is usually 
seen to cross the gap before the second contact is complete. The con- 
densers permanently attached to the conductors of a Wimshurst machine 
are usually of this type. 

An interesting experiment may be carried out by means of a Leyden 
jar with removable coats. Charge the jar. Lift out the inner coat 
by means of an ebonite rod. Lift also the glass vessel from the outer 
coat. Test each of the coatings by taking them near to an electroscope. 
Neither will be found to carry a charge. Reassemble the jar on'ce more, 




lifting the inner coating by means of the ebonite rod when replacing it. 
The jar will still be charged and a spark may be obtained from it. 
If the jar is very highly charged it may be possible to obtain small 
sparks by connecting points on the inner and outer surface of the glass 
with the tongs while the parts are separate. 

These observations show that the two opposite charges which are 
usually said to exist on the two conductors are really on the surface 
of the dielectric. The energy given to the condenser in charging it is 
supposed to be stored in the form of strains in the dielectric due to the 
atti^tion of the two charges on its opposite surfaces. If a jar is 
discharged after being highly charged and then allowed to stand for a 
time it is frequently possible to get another small spark from it. The ^ 
dielectric does not lose its strained condition completely during the 
£iiBt discharge, and so retains some of the charge. 



POTENTIAL AND CAPACITY 


497 


(2) Fixed Condensers. — Very compact condensers of high capacity 
can be formed by building up a pile of alternate layers of tinfoil and thin 
waxed paper (Fig. 419). The first, third, fifth, etc., sheets of tinfoil are 


all connected to one termi- 

t^l, and the second, fourth, r.^:^ TiNFOiL 

m , . ' - ■ ^ WAXED 

sjixth, etc., to another termi- paper 

nal. One of these terminals 


is earthed. Thus the two 


Fio. 419. 


sets are equivalent to a 

condenser with very large plates very near together. Condensers of 
this type are largely used in wireless sets in places where condensers 
with fixed capacities are required. 


(3) \ariaiile Condensers. — A form of variable condenser is 
shown ill Fig. 420. The ]>lates are in two sets which can interlock 
without touching. One set, all of wliich are connected to one another, 
is fixed. The other set, again all connected to one another but insulated 
from the first set, can be rotated on a spindle. One set is earthed. 
By turning the spindle the effective area of the plates, that is, the area 
of one set actually between the plates of the other set, can be varied, 
and so the capacity of the condenser is variable. Condensers of this 

type are largely used 



on the tuning controls 
of wireless sets. 

Electrical Discharges 

Mention has been 
made of the sparks 
usually obtained when 
a condenser is dis- 
charged. Sparks of 
considerablelength can 
be obtained by charg- 
ing up the condensers 
of a Wims hurst 


^ machine and then 

cringing the two knobs connected with them towards one another. 
Still larger sparks may be obtained from an induction coil (page 588). 
If between two nearby points there is a big potential difference there is 


9Z 


GEN. PHV. 
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evidently a tremendous “pressure** tending to drive charges from one 
point to another. This may become big enough to drive the. firmly- 
held electrons out of the molecules of the insulating dielectric between 
the points. The dielectric is then said to “break down” and discharge 
takes place across the gap, the electrons being driven to the point of 
high potential, and the positively charged residues of the molecules to 
that of low potential, so that the potential difference tends to disappear. 
This releases a vcny large amount of electrical energy much of which is 
transformed into heat, light, and sound energy, thus producing the 
spark and the accoin})anying crackling sound. 

Liglitnwxj flashes are discharges of this type on a very large scale 
caused by the generation of very ])ig pot»ential differences between two 
neighbouring clouds or between a cloud and the earth beneath it. 
The quantity of electricity which is discharged in a lightning flash is 
not as a rule very large, but the potential difference driving it is so 
great that a tremendous amount of energy is liberated by it enabling 
it to do serious damage to buildings, etc. 

So large a quantity of energy is required to dislodge electrons from 
atoms ai insulating substances that, as a rule, serious material damage 
does not result from discharges except when they are due to very high 
potentials. The human body, however, may be seriously damaged 
by the rapid discharge through it of large quantities of electricity from 
moderate potentials. The action is not fully understood, but apparently 
the discharge particularly affects the nerves which control all the 
organs of the body. Usually a discharge through the body from the 
ordinary lighting mains gives an unpleasant shock but does not produce 
serious damage as the body is not a particularly good conductor, and 
the potential of the mains is not sufficient to cause a heavy discharge 
through it. If the body is wet, however, a much more serious shock 
may be experienced since water is a good conductor and causes the 
contact both with the main and with the earth to be much more 
complete allowing of more rapid discharge. It is for this reason that 
any contact with electrical apparatus while one is in the bath is 
particularly dangerous. 

Persons suffering from electric shock should first be removed 
from contact with the source of electricity, dry insulating material^ 
jooh as rubber being used to handle them while doing this. Arti^ 
fioial respiration should then be applied as in the case of apparent 
dwwning. 
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Silent Disdiarge. Action of Points 

An insulated conductor charged to a moderate potential will 
gradually lose any charge given to it. This loss is much more rapid if 

f ire are points or sharp edges on the conductor. To show this, take 
o similar metal balls and solder a piece of pointed wire to one. 
x.-junt them on insulating stands and connect them to similar electro- 
scopes. Charge both by contact with the terminal of a Wimshurst 
machine until there is a considerable divergence of the electroscope 
leaves. In the case of the plain ball the leaves will slowly collapse, 
showing the slow loss of charge. The leaves connected with the ball 
with the point will collapse much more rapidly. 

This leakage is due to the charged conductor attracting to its 
surface particles of dust, moisture, etc., floating in the nearby air. 
These particles become charged by contact and then are repelled from 
the surface taking part of the charge with them. Thus the leakage is 
much more rapid when the air is moist or very dusty than when it is 
dry and clean. 

The process may be illustrated by suspending a gilded pith baUfroma 
silk thread between an insulated and an earthed plate, the thread 
tJeing long enough for the ball to make contact with each plate as it 
swings. The insulated plate is charged. The ball is attracted up to 
it, makes contact and then is repelled, so that it meets the other plate 
to which it gives up the charge it gained by contact with the first plate. 
It then swings back and the process is repeated until the insulated 
plate is discharged. 

The rapid discharge when points or sharp edges are present is due 
to the high surface density of the charge about them. Particles 
making contact with them are charged up to the same density and so 
carry away comparatively large charges. It is obvious that conductors 
on which charges are to be kept should be free from such points and 
edges, and should be kept free from dust. 

The Lightning Conductor 

The action of a lightning conductor fixed to a building is based on 
1^0 action of points. It consists of a stout wire or band of metal 
connected at the bottom to a metal plate buried in the soil to give 
good earth connexion and ending in a number of points above the 
highest point of the building. 



300 GENERAL PHYSICS— MAGNETISM AND ELECTRICITY 


If a positively charged cloud should come over the building a 
negative charge will be induced on the building and the surrounding 
earth. Negative charge will stream away from the points of the 
conductor and tend to neutralise the positive charge on the cloud. 
Thus a lightning flash may be prevented. Even if a flash occurs the 
conductor provides a better conducting path to earth for it than the 
material of the building. 


QUESTIONS ON CHAPTER XLI 

1. Describe an electrophorus and explain its action. 

How would you use it to give an insulated conductor a charge of 
sign opposite to that of the electrophorus conductor ? 

Illustrate your answer by diagrams. [J.M.B. 

2. Describe and explain fully with good diagrams the action of an 
electrophorus. 

Why can a number of charges be obtained from it after one 
excitation ? [L.U. 

3. If you were provided with an electrophorus, a small copper 
calorimeter and a gold-leaf electroscope, together with any other 
necessary apparatus, how would you charge the copper vessel with 
electricity and investigate the distribution of charge upon it ? 

What would you expect to find ? [L.U. 

4. Explain what is meant by (a) the 'potential of a charge^ (b) the 
electric potential at a point, (c) potential difference between two points. 

Describe an experiment to show that the same charge may produce 
different potentials on different conduct ors. 

6. What is meant by an equipotential surface? What relations are 
there between equipotential surfaces and lines of force in an electrical 
field ? 

How would you show by experiment that the surface of a conductor 
is an equipotential surface ? 

6. Explain what is meant by the capacity of a conductor, 

A conductor of capacity 15 e.s.u. is given a charge of + 45 e.s.u.. 

* and one of capacity 20 e.s.u. is given a charge of — 150 e.s.u. Wha^ 
are their respective potentials ? 

If they are placed in contact and then separated, what will their . 
.common potential and respective charges become ? 
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7. An electroscope can be used either as a means of comparing 
quantities of electricity or measuring potentials. 

, Describe the use of the electroscope for these two purposes, giving 
one practical example in each case. [L.U. 


^ 8. Describe the construction of the electroscope. 

Explain how you would use an electroscope (o) to determine the 
sign of an electrostatic charge, (h) to compare the magnitude of two 
charges, (c) to determine which of two insulated charged conductors^ 
was at the higher potential. [L.U. 


9. Explain what is meant by electric 'potential. 

Describe how you would decide experimentally whether the potential 
at a point near to an insulated charged conductor is positive, negative, 
or zero. [L.U. 

10. Define the capacity of a conductor. 

State the effect upon the capacity of an insulated circular metal 
plate of ia) bringing near to it an earthed metal plate of the same 
size, (6) })lacing a slab of wax between the two plates. 

Describe and explain how you would show these effects experi- 
mentally. [L.U. 

I • 

11. Describe how an ordinary electroscope must be modified so 
that its leaves may be made to diverge by means of a single voltaic cell. 

Explain the principle underlying the action. [L.U. 

12. Describe any type of condenser. What is meant by the 
capacity of a condenser ? What factors determine its capacity ? 

Describe fully an experiment which illustrates how the capacity 
depends on one of these factors. [L.U. 

13. Describe the Leyden jar, pointing out carefully the factors that 
affect its capacity. 

Explain how you would charge and discharge it. [L.U. 

14. Explain why electrostatic apparatus is kept /ree from sharp 

edges and points. Describe two experiments in support of your 
explanation. [L.U. 

15. Explain the action of a “ lightning conductor,” and describe 
^+wo experiments showing similar electrostatic effects. 



CHAPTER XLH 

ELECTRIC CURRENTS— GENERAL EFFECTS 

4r 

The Electric Current 

Most of the familiar everyday applications of electricity make use 
of electric currents, that is the flow of electricity along conductors. 
To produce such a flow there must be a difference in potential between 
two points in the system of conductors. In cases, already considered, 
when two conductors at different potentials are connected the flow is 
only momentary and ceases as soon as there has been a suflieient 
transfer to bring both conductors to the same potential. To maintain 
a steady flow there must be some means of counteracting this tendency 
to equalise potentials and to maintain a potential difference. Voltaic 
cells and dynamos do this by means which will be studied later. Every 
such source of current has two poles which the working of the source 
maintains at different potentials. The one with higher potential is 
called the positive pole, and the other is the negative pole. To obtain 
a current the poles are connected by a system of conductors forming 
the external circuit. Electrons wiU be driven round this external 
circuit from the negative to the positive pole, but it is more usual to 
speak of a positive current passing round the circuit from the positive 
to the negative pole. The materials in a cell are also conducting sub- 
stances so that there is an internal circuit in the cell, positive current 
.passing from the negative pole to- the positive pole in this internal 
circuit and being raised in potential as it does so. 

It is conventional to represent a source of current in a diagram by 
two parallel lines, a short thick one indicating the negative pole and a 
longer thin one the positive pole. The direction of the positive current 
should be represented by arrows on the lines representing the conduc- 
tors. Fig. 421 (a) is a conventional representation of the current 
through the battery and lamp of a pocket torch. It shows that the 
^battery consists of three cells, each with its positive pole joined to th6 
negative pole of the next one. Fig. 421 (6) represents the changes of 
potential in various parts of the circuit. Note the rise from negative 
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pole to positive pole in each cell, the steady fall in the connexions 
between the cell and the lamp and the much sharper fall in the lamp 
where most of the electrical energy is released. 

Effects of a Current 

(1) Heating and Lighting Effects. — The widespread use ol 
electric lamps, electric stoves, etc., makes it obvious that the electrical 
energy carried by a current may be converted into heat and light. 
Heat is always generated when a current passes through a metallic 
conductor. A piece of thin copper wire — about 30 gauge — joined tc 
the terminals of a 6-volt accumulator by stouter wires soon gets 

‘ perceptibly hot to the touch. By inserting a coil of varnished Con- 
stantin wire — about 22 gauge — ^in a large test-tube full of water and 
connecting to a 12-volt source of current, the water may be heated, as 
will be shown by a thermometer inserted into the tube. The varnish 
insulates the wire from the water. 

(2) Chemical Effect. — Tn chemistry lessons you may liave seen 
experiments in which electric currents have been used to decompose 
chemical compounds. The effect is readily demonstrated by placing 
two platinum plates so that they dip into dilute sulphuric acid without 
touching one another. The plates are connected by wires to the 
terminals of a 6-volt battery and immediately connexion is made 
bubbles of gas appear on both plates. In such cases electrical energy 
is transformed into the chemical energy necessary to separate the 
constituents of the compound. 

^ (3) Magnetic Effects. — Support a wire horizontally mniiing in a 

north-south direction. Below it place a pivoted co*mpass needle which 
will, of course, set parallel to the wire. Connect one end of the wire 
to a coil of insulated wire wrapped round a narrow tube. Place the 
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6 VOLT BATTERY 



coil with its axis in an east-west direction and stand another 'compass 
needle opposite one end of it. This needle will set at right angles to the 
coil. Connect the free ends of the wire and the coil to the terminals 
of a 2-volt accumulator. As soon as connexion is made both needles 
will be deflected showing that magnetic fields appear around both the 
straight wire and the coil immediately a current passes through them. 

Each of the above effects of currents will be more fully d(‘alt with 
in subsequent chapters. Fig. 422 illustrates a circuit which will 
demonstrate all the above effects. 


CHAPTER XLIII 

i'H’HE CHEMICAL EFFECT OF CURRENTS. ELECTROLYSIS 

Many industrial processes^ such as silver- and nickel-plating and 
the manufacture of a large number of chemicals, depend on the fact 
that a number of substances in solution or in the fused state, particu- 
larly those^Bubstances known as acids, bases, and salts, conduct electric 
currents but are themselves decomposed in the process. Such fluids 
arc called electrolytes, and the process of decomposing them by the 
electric current is termed electrolysis. 

• 

The Voltameter 

The vessel in which electrolysis is carried out is called a voltameter 
or an electrolytic cell. Two plates of conducting material dip into it 
and are known as the electrodes. They are joined by wires to the 
poles of a source of current. That which is connected to the positive 
pole of the source is the anode, and that connected to the negative pole 
is the cathode (Fig. 423). Results of experiments, such as that with 
sulphuric acid mentioned in the last chapter, show that, as a rule, 
metals or hydrogen are liberated from the electrolyte at the cathode 
and non-metals or “ acid-radicles at the anode. 

Faraday’s First Law of Electrolysis 

Certain quantitative relations in connexion with electrolysis were 
investigated in 1833 by 
Faraday, who established 
two laws. 

First Law . — The weight 
of a substance liberated at 
an electrode is jyroportional 
to the quantity of electricity 
which has passed through 
the dectrolyte, 

^ Consideration of this 
law requires an under- 
stand ing of the terms Fio. 423. 
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“ quantity of electricity ” and “ current which are not identical. 
Consider water to be pumped into the vessel A from the pipe X and to 
p be running out through pipe Y 

(Fig. 424). We should say that a 
current of water was flowing through'' 
the system. The magnitude of the 
^ M curr^t, that is the rate of flow, would 

be measured by the quantity of water 
passing any point in a unit of time, 
424 . for example the number of pints 

passing P ki one second. If this 
rate is known the quantity passing in a given time can be calculated 


from : — 


Quantity = Current x Time in seconds. 


The same considerations may be applied to the flow of electricity 
round a circuit. When we speak of the magnitude of a current we are 
speaking of the rate at which electricity passes any given point, for 
example it might be measured by the number of electrons passing a 
given point each second. The quantity of electricity passing through 
any part of a circuit in a given time can then be found from the relation 
Quantity = Current X Time. 

Verification of Faraday’s First Law. — Set up a water volta- 
meter which is 


illustrated in Fig. 
425. The trough 
contains water 
made slightly acid 
by the addition of 
a little sulphuric 
acid. This enables 
it to conduct the 
current better than 
pure water. Two 
long tubes are 
filled with water 
and supported in- 
iierted in the 



,,j^ough. Into the mouths of the tubes are inserted small pieces of 
|datj|Lum foil to act as electrodes. These are connected to wires which * 
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have been fused into glass tubes to insulate the parts passing through the 
water. When the wires are connected to the terminals of a source of 
direct current hydrogen bubbles will rise from the cathode and oxygen 
bubbles from^the anode. These gases will collect in the upper parts of 
W;he tubes. It will be found at the end of a given time that the volume of 
^^Biydrogen which has collected is double the volume of oxygen liberated. 

For this experiment use a source of about 8 volts and include an 
ammeter and variable resistance in the circuit as shown in Fig. 426. 
The ammeter measures cuiTent and the variable resistance enables it 
to be controlled. Their action will be explained in later chapters. 

Switch on the current, adjust the resistance until the ammeter 
registers a flow of about 1 amp., and note the time. If necessary adjust 
the resistance from time to time to keep the current constant. After 
half an* hour mark the points to which the tubes have been filled with gas. 
Continue for a second half-hour and again mark the points to which 
the tubes have been filled. 

Empty the tubes, invert 
them, and by running in 
water up to the marks 
from a burette, measure the 
volumes of hydrogen and 
oxygen respectively which 
were • liberated {a) in half 
an hour, (6) in an hour. 

In each case the second quantity will be found to be double the first one. 
Since the current was constant the quantity of electricity passing in 
an hour would be double that passing in half an hour. Hence it may 
be said that the quantities of the substances liberated were proportional 
to the quantities of electricity passing through the voltameter. 

A copper voltameter may be used instead of the water voltameter*. 
In this the electrolyte is a solution of copper sulphate, and the electrodes 
are plates of copper. When current passes copper is deposited on the 
cathode. First adjust the resistance so that the current is about one 
amp. Switch off the current, remove the cathode and wash, dry, and 
weigh it. The drying should be done by waving it in the warm air 
I some distance above a Bunsen flame. Replace the cathode, switch on, 
f and note the time. Keep the current constant for half an hour and 
then switch off and wash, dry, and weigh the cathode again. The 
increase in weight gives the weight of copper which has been deposited. 



VAmABLC 
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Fio. 426. 
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Repeat, keeping the current at the same value as before for another 
lialf-hour. It will be found that the total gain of weight is twice that 
which occurred during the first half-hour, which shows that the weight 
of copper deposited is proportional to the quantity of electricity passed. 

The experiments may be varied by passing a current of 1 amp. for" 
one half-hour and a current of 2 amps for another half-hour. Twice as 
much electricity will pass in the second half-hour as in the first, and 
twice as much substance will be liberated. 

Units of Quantity and of Current 

In practice it is inconvenient to give measurements of quantity and 
current in terms of numbers of electrons. Faraday’s First Law enables 
practical units to be defined and provides a means of measuring 
quantity of electricity and current. It follows from the law fhat the 
deposit of a fixed weight of a given substance always corresponds to 
the passage of a fixed quantity of electricity. Thus by choosing a 
standard substance and a fixed weight of it we can define a constant 
quantity of electricity which can be used as a unit. The Board of 
Trade is responsible for defining units in connexion with the com- 
mercial supply of electricity, and it defines the unit quantity of electricity ^ 
as that quantity which will deposit O-OOlllS grm. of silver from a solution 
of silver nitrate. This unit is called a coulomb. 

A unit current is defined as the steady current which carries one 

coulomb per second past any given point in its circuit, or as the current 

which will deposit 0-001 118 grm. of silver in one second from a solution 

of silver nitrate. This unit is called an ampere. It follows from these 

definitions that: — - , , 

Ooulombs 

r— = Amperes 

Seconds 

or Coulombs = Amperes x Seconds. 

It should be noted that these units were originally defined from 
magnetic effects of currents, and the amount of chemical action they 
would produce was then determined. That is why such an unusual 
number as 0*001118 occurs in the definition. The advantage of the 
chemical definitions is that they are more easily understood and applied 
than the original magnetic ones. ^ 

^ It should also be noted that the coulomb is a much larger unit than 
the unit of charge used in electrostatics. One coulomb is equal to 
about 8000 million e.8.u. 
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Measuring Current by the Silver Voltameter 

The silver voltameter, illustrated in Fig. 427, is similar in principle 
to* the copper voltameter. The vessel is a platinum crucible which 
itself is connected to the 
negative pole of the source 
so that it becomes the 
cathode. The electrolyte is 
a solution of silver nitrate. 

In it a silver anode is 
suspended horizontally 
from platinum wires. The 
vessel is cleaned, dried, and 
weighed . The solution is 
then poured in, the anode 
placed in position, and 
the current passed for a 
measured time. Silver is 
deposited on the crucible 
and its weight is found 
by washing, drying, and 
weighing the crucible again, 
be calculated as follows: — • 



The strength of the current may then 


Time, 30 min. Increase in wt. of crucible, 1*7 grm.; 

1-7 

/. Quantity of electricity passed = T()Q]1[]g coulombs; 
" 30 X 60*x -001118 


i.e. Current = 


1-7 

2-6“m 


= *845 amps. 


Similar measurements may be made with a copper voltameter. 
The weight of copper deposited by I coulomb is 0*0(K)3295 grm. 


Faraday’s Second Law of Electrolysis 

We come now to the second of Faraday’s laws referred to on page 505. 

Second Law. — The weights of different substances liberated at eUc~ 
trades by the same quantity of electricity are in the ratio of their chemical 
equivalents. 
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To illustrate this law set up a silver voltameter and a copper 
voltameter in series as illustrated in Fig. 428. Since the same current 
passes through both the same quantity of electricity must pass through 



both. Find the weights of silver and copper deposited in a given time, 
and calculate the value of the fraction * 

Wt. of silver deposited 
Wt. of copper deposited 

The chemical equivalent of silver is 108 and that of copper is 31*5, 
so that 

Chemical equivalent of silver 108 ^ 

Chemical equivalent of copper 31*5 

The same value should be found for the fraction determined in the 
experiment, so— 

Wt. of silver deposited _ Chemical equivalent of silver 
Wt. of copper deposited Chemical equivalent of copper 

Because of this relation the weight of any substance deposited by 
one coulomb of electricity is called its electro-chemical equivalent. It 
follows from the definition of the coulomb that the electro- chemical 
equivalent of silver is 0-001118 grm. per coulomb. 

The second law may also be illustrated by connecting a copper 
voltameter and a water voltameter in series. In that case the weights 
of hydrogen and oxygen deposited would have to be calculated from 
their volumes, the pressure and temperature at which they were 
collected being noted. (See Example 2, page 612.) In this case it 
would be found that: — 

Wf . of hydrogen : Wt. of oxygen : Wt. of copper = Chem. equivalent 
ci hydrogen (1) : Ohem. equivalent of oxygen (8) : Chem. equivalent 
of copper (SI *6]^ " 
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Finding Electro-chemical Equivalents 

Exact arrangements will depend on the particular case, but the 
general principle will be to fit up a voltameter from which the required 
^ ^bstance wilUbe liberated in a form in which it can be weighed — or 
‘ f measured in the case of a gas. 

^ The voltameter may be connected in series with a silver voltameter 
and the electro chemical equivalent calculated from the relation (writing 
E.C.E. for electro-chemical equivalent) : — 


E.C.E. of substance Wt. of substance deposited 
E.C.E. of silver ( -OO^l 1 18) Wt. of silver deposited 

A copper voltameter may be used instead of a silver one. Electro- 
chemical equivalent of copper = 0*0003295 grm. per coulomb. 

Alternatively, an ammeter may be placed in series with the volta- 
meter and a direct reading taken of the current strength which should 
be kept constant by means of an adjustable resistance in the circuit. 
The time for which the current passes is noted. Then: — 


Electro-chem. equiv. of substance = 


Wt. of substance deposited 
Quantity of electricity passed ’ 


_ ^ , ,Wt- of substance deposited 

E.C.E. of substance = — /. — — 

Current X Time (in seconds) 


Examples. — (1) When current was passed for a time through copper 
and silver voltameters in series, 0*48 grm, of copper and 1*62 grm, of silver 
were deposited. Calculate the dectro-chemical and chemical equivalents of 
copper, [The chemical equivalent of silver is 108.] 

E.C.E. of copper _ *48 ^ . E.C.E. of copper _ *48 ^ 

E.C.E. of silver r62’ ’ • ~6omS "" 1*62’ 

AS 

/. E.C.E. of copper = X •001118 grm. per coulomb, 


i,e. E.C.E. of copper = *00033 grm. per coulomb. 
Chem. equiv. of copper _ E.C.E. copper^ 
Chem. equiv. of silver ” E.C.E. siT^^’ 

. Chem. equiv. of copper _ *00033 
108 "" *001118’ 


Chem. equiv. of copper = 


*00033 

•001118 


X 108 


31*9. 
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(2) A currerd of 2 amperes passing for half an hour through a water 
voltameter liberated 423 c.cm. of hydrogen measured at 13® C. and 80 cm. 
pressure. Calculate the electro-chemical equivalent of hydrogen. [1 litre 
of hydrogen at 8.T.P. weighs 0*089 grm."] 

V 1 r j i. 1 ^ c rn> 423 X 273 X 80 

Vol. of hydrogen corrected to S.T.P. = — — — c.cm.; 

^oo X 7t) 


Wt. of hydrogen = 


^3 X 273 X 80 X *089 


® 286 X 76 X 1000 ^ 

Quantity of electricity passed = 2 X 60 X 30 = 3600 coulombs; 

. T? ri. j 423 X 273 X 80 X *089 * , ^ 

• • = 286 >r76^T(Kmr36W 8™' coulomb. 

i.e. E.C.E. of hydrogen = *0000105 grm. per coulomb. 

r 

(3) For what time must a current of 2-5 amps, pass through a solution 
of zin/c sulphate to deposit 1 grm. of zinc ? [E.C.E. of zinc = 0*0003387 
grm. per coulomb.] 

Quantity of electricity required = 

Time = sec. 19 min. 40 sec. 


Time = 


•0003387 X 2*5 


Example 1 should be noted as giving a method by which chemical 
equivalents of metals may be determined. 


Theories of Electrolysis 

In Chapter XL. some account was given of the theory according to 
which atoms are built up of positively charged nuclei and electrons, and 
electrical charges arise from atoms gaining and losing electrons. This 
theory can also be used to explain the facts of electrolysis. When an 
electrolyte is dissolved a certain proportion of its molecules dissociate, 
that is, each breaks up into two or more parts. These parts are not 
ordinary atoms or groups of atoms, but bodies which have become 
positively or negatively charged by losing or gaining electrons. A 
molecule of common salt contains one atom of sodium and one of 
chlorine. When these separate in solution the chlorine atom retains 
one of the electrons from the sodium atom. The dissociation may be f 
reprSsented by 


NaCl = (Na -e) + (Cl + c), 
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where e represents one electron. Hence the sodium particle has a positive 
charge and the chlorine particle a negative charge. NaCl = Na+ + Cl”. 

These charged particles are called ions. Acids, alkalis, and salts all 
tend to undergo this ionic dissociation in aqueous solution. Probably 

f the molecules of strong acids and alkalis and of most salts, and not 
jrely a proportion of them, are dissociated in this way when dissolved 
water. Metal and hydrogen ions are^ usually positively charged, while 
acid radicles and hydroxyl groups (OH) are negatively charged. For 
example: — 

IICl - H+ + Cl- 
KOH = K+ + OH- 
CUSO 4 = Cu++ + SO 4 — . 

The number of electrons which may be released by a metal atom 
corresponds to its valency. Thus the 
divalent copper atom loses two electrons 
and the copper ion has twice the charge 
of a hydrogen or potassium ion. Simi- 
larly, the divalent SO 4 group will attract 
to itself two extra electrons and the 
SO 4 ion will carry twice the charge of a 
chlorine or hydroxyl ion. 

In a solution of hydrochloric acid 
we shall have the conditions indicated in 
Fig. 429. Instead of molecules there 
are a number of positively charged hydro- 
gen ions and an equal number of negati- 
vely charged chlorine ions. The equality of the numbers of positive and 
negative charges will make the solution as a whole electrically neutral. 
The ions are, of course, far too small to be seen and there will be a very • 
large number of them in even a small drop of the solution. 

Now a source of current maintains its positive and negative poles 
at high and low potentials respectively. When electrodes dipping into 
the solution are connected to those poles, the anode, connected with the 
positive pole, will have a high potential, and the cathode, connected to 
the negative pole, will have a low potential. Thus positively charged 
^jlfions will be driven from the anode towards the cathode, and negatively 
charged ones will be driven in the opposite direction, as indicated in 
Kg. 430. 
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The high potential of the anode is due to electrons having been with- 
drawn from it by the source of current; the low potential of the cathode 
is due to extra electrons having been driven to it by the source. When 
a H+ ion reaches the cathode it will take one of the excess electrons and 
become a hydrogen atom. The hydrogen atoms so formed join up in 
pairs to form molecules and hydrogen gas bubbles from the cathode. 
When a Cl” ion reaches the anode it gives up its excess electron and 
becomes a chlorine atom. The chlorine atoms also join up in pairs 
to form molecules and chlorine gas bubbles from the anode. At the 
same time the source withdraws more electrons from the anode and 


sends more to the cathode. Thus the process continues, and the current 


CARBON ANODE CATHODE 


HIGH POTENTIAL LOW POTENTIAL 



is carried through the elect- 
rolyte by the movements of 
the ions. 

Actions at the Electrodes. 

Secondary Actions 

The constituents of the 
ilissolved electrolyte are not 
always the final products of 
an electrolysis. There areT 
two reasons for this. Firstly, 
water itself dissociates to 
some extent into hydrogen 
and hydroxyl ions. 

HgO ^ H+ + OH-. 


Fio. 430. 


The fraction of the water 


molecules dissociating in this 


way is very small, but there are so many of them that there is always a 
plentiful supply of hydrogen and hydroxyl ions in the neighbourhood of 
the electrodes in an electrolytic cell. Secondly, different atoms and groups 
differ greatly in the ease with which they lose or gain electrons. If a 


piece of iron is dipped into a solution of copper sulphate it becomes 
coaled with copper, and by adding sufficient iron to such a solution 
the whole of the copper may be deposited from it and the solution is 
transformed into one of iron sulphate. The reason for this is that iron 
atoms give up electrons more readily than copper atoms, so when iroj^' 
atoms are in contact with a solution containing copper ions there is a 
tendency for to be transferred from the former to the latter, , 
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with the result that iron ions go into solution and copper atoms are 
precipitated. 

Fc + Cu++ = Fe++ + Cu. 

From the results of similar experiments, and of other types of experi- 
ment which cannot be dealt with here, it is possible to arrange the 
^,^ments in an order known as the electro-chemical series. A short 
list of elements so arranged is given below. 



Courtesy of W, J. Catimng, Birmingham, 

A Nickel-Platino PLAlft. 

Note pine nickel anodes suspended in the vats. 


Electro-Positive.— Potassium, sodium, calcium, magnesium, alu- 
minium, zinc, iron, lead, hydrogen, copper, mercury, silver, platinum, 
gold. 

Electro-Negative. — Carbon, nitrogen, phosphorus, sulphur, iodine, 
bromine, chlorine, oxygen, fluorine. 

Atoms of those elements in the electro-positive list tend to lose 
electrons and become positive ions, and this teadency is stronger in any 
particular element than in those which follow it in the list. Those 
ifelements in the electro-negative list tend to add additional electrons to 
their atoms and .produce negative ions, and tliis tendency is stronger in 
. a given element than in those which precede it in tteN 
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If two different kinds of positive ions are near the cathode in an 
electrol 3 rtic cell, the one which is later in the electro-positive list will 
take electrons from the cathode and be deposited as an atom more 
readily than the other. Similarly, of two different kinds of negative 
ion near the anode, the one earlier in the electro-negative list rathe! 
than the later one will give up its additional electrons to the anode and 
become an electrically neutral particle. It may even happen that 
atoms of the material of the anode release electrons more easily than 
the negative ions in the solution, in which case, instead of the negative 
ions being discharged when they reach the anode, atonjs from the 
anode liberate electrons to carry on the current and pass inio the 
solution as positive ions. Thus the material of the anode may affect 
the final result of the electrolysis. A &w eimmples in which these 
principles [are applied will now be\^v^. , 

'if .-j, ..V Ja K \ 'y- r J (. 

(1) SoLUTTON OP CuPBOUS CbIoride. — This will contain Cu+-'' and 
Cl~ ions from the dissolved salt and H'*’ and OH^"ions from the water. 
If it is electrolysed between a copper cathode and carbon anode, as 
indicated on page 514, the Cu++ and Cl“ ions will be discharged, since 
copper is less electro-positive than hydrogen and chlorine less electro- 
negative than hydroxyl. Thus copper is deposited on the cathode and 
chlorine gas bubbles from the anode. 

If, however, both electrodes are copper plates, the chlorine ipns are 
not discharged, since copper atoms liberate electrons more readily and 
so positive copper ions pass into the solution from the anode. As 
equal masses of copper are deposited on the cathode and liberated from 
the anode, the composition of the solution is unchanged and the final 
result is that a quantity of copper is transferred from the anode to the 
cathode. 

(2) Dilute Sulphuric Acid between Platinum Electrodes. — 
The acid ionises according to the equation 

H 2 SO 4 = 2 H+ + SO 4 — 

and H+ and OH" ions are present from the water. Thus hydrogen ions 
are the only positive ions present and these are discharged at the 
cathode from which hydrogen gas bubbles off. At the anode the 
hydroxyl ions and not the SO 4 — ions are discharged, since the former 
liberate their additional electrons more readily than the latter. After 
discharge, the* hydroxyl groups, which are not capable of emsting as 
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independent molecules, react with one another according to the equation 
4 OH = 2 HjjO + O2, 

so water is returned to the solution and oxygen bubbles from the 
>^auode. Although water is reformed from the hydroxyl groups, qnly 
two water molecules are formed from four hydroxyl groups to provide 
which four molecules of water must dissociate, so the quantity of water 
present diminishes while that of sulphuric acid remains constant, since 
the SO4 ions are not discharged. In consequence of this the experi- 
ment is often referred to as ‘‘the electrolysis of water. 

(3) Copper Sulphate Solution between Copper Electrodes. — 
The result is similar to that for cuprous chloride between copper 
electrodes. The copper sulphate ionises according to the equation 

CUSO4 = Cu<^+ + SO4". 

At the cathode the copper ions are discharged more readily than the 
more electro-positive H+ ions and copper atoms are deposited. At 
the anode copper atoms give up electrons more readily than either the 
SO4 — or OH” ions, so positive Cu<'+ ions pass into solution and neither 
of the negative ions present is discharged. Thus once more the com- 
^position of the solution is unchanged and copper is transferred fiom 
the anode to the cathode. 

(4) Silver Nitrate Solution between Silver Electrodes. — 
This is similar to case (3). The ionisation of the salt is represented by 

AgNOg = Ag+ + NO3-. 

At the cathode silver is deposited rather than the more electro-positive 
hydrogen. At the anode Ag+ ions pass into the solution owing to 
silver atoms giving up electrons more easily than NO3” or OH” ions. 
Thus there is no change in the composition of the solution and silver 
is transferred from anode to cathode. 

(5) Sodium Hydroxide Solution between Iron Electrodes.— 
The sodium hydroxide ionises according to 

NaOH = Na+ + OH”. 

Since sodium is more electro-positive than hydrogen, H+ ions and not 
^a+ ions are discharged at the cathode from which bubbles of hydrogen 
arise. At the anode the OH” ions are discharged and the hydroxyl 
groups react with one another as in case (2). Thus there is no change 
in the quantity of sodium hydroxide in the solution, but the quantity of 
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water diminishes so, as in case ( 2 ), this might be called the electrolysis 
of water.” This process is used on a large scale for manufacturing 
oxygen and hydrogen. • 

As a general summary of these results the following statements 
which will act as guides in considering other cases may be made: — 

1 . If a positive ion of a metal preceding hydrogen in the electro- 
chemical series is present hydrogen will be liberated at the cathode, 
but if the metal follows hydrogen the metal itself will be deposited. 
It should be noted, however, that a high current density, i.e. a big 
current per unit area of electrode, may cause metals preceding hydrogen 
to be deposited on the cathode. 

2 . At the anode 01“ ions are discharged more readily than OH“ ions, 
but SO 4 — ions less readily than OH”. 

3. All metals in the list given liberate electrons more readily than 
the Cl“ ion, so anodes made of them will dissolve if an electrolyte 
producing Cl“ ions is electrolysed. This is not the case with a carbon 
anode. Similarly, anodes of the metals preceding platinum in the list 
will be dissolved if SO 4 — or NO 3 — ions are present, but with platinum 
or gold anodes the OH ‘ ions are discharged. 

Applications of Electzx)lysis 

(1) Measuring currents and chemical equivalents has already been 
described. 

(2) Electroplating, — The object of electroplating is to give 
articles made of one metal a coating of another metal, either to improve 
their appearance or to protect them against rusting and tarnishing. 

Tlifi method is to electrolyse a solution of a salt of the plating metal, 
•using the article to be plated as the cathode and a piece of the plating 
metal as anode. The acid radicle of the salt must be one forming ions 
which give u[) electrons less readily than the anode atoms, so that the 
latter will dissolve as positive ions and keep the bath charged with 
the salt. The conditions are then similar to cases 3 and 4 of the 
preceding section. In this way table forks, spoons, and ornamental 
objects made of inferior metal can be coated with silver to improve 
their appearance. Iron articles may be coated with nickel or chromium^ 
to protect them against rusting. They are usually first coated with 
copper, as nickel and chromium adhere better to copper than to iron. 

Galvanised ” iron sheets, used for roofing, etc., have a coating of zinc. 
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This may be given by dipping the sheets of iron in molten zinc, but 
a more even coating is obtained and less zinc used if it is applied 
electrolytically. 

The picture on page 515 shows a nickel-plating plant. Rods of 
jmickel are shown hanging from metal rods across the top of the baths. 
‘%hese rods are connected with the positive pole of the source, so that 
they form a compound anode. The other rods across the vat are 
connected to the negative pole, and the articles to be plated are hung 
from them to form the cathode. The elecitrolyte is a solution of a 
rather coniplex salt of nickel. 

(3) ELECTROTYriNG.— This is a special application of electroplating. 
An impression of a page of type is made on a sheet of wax which is then 
coated with graphite to give it a conducting surface. It is used as 
cathode in a copper voltameter and becomes coated with a thin layer 
of copper. This is stri])])ed ofP the wax and the back filled in with 
molten type metal. Thus an exact r«‘productioii of the page of type 
is obtained. Note also the application of this method in the manu- 
facture of gramophone records (page 401). 

( 4 ) Purifying Metals. — It was shown that in both the copper 
and silver voltameters metal was transferred to the cathode from the 
anode: If the anode consists of impure metal and a thin strip of pure 
metal is used for cathode, the impurities will not be transferred, and a 
block of pure metal will be built up on the cathode. This method is 
used when specially pure copper for elex trical apparatus is required. 

(5) Manufacture op Chemicals.— The electrolytic manufacture 
of hydrogen and oxygen has been mentioned. Details of many 
electrolytic methods of manufacture will be found in textbooks of 
chemistry. 


QUESTIONS ON CHAPTER XLIII 

I. Explain the meanings of the terms electrolysis, anode, cathode. 
Describe one case of electrolysis you have seen. State what was 
observed and what products were obtained, and give a brief explanation 
^ of what took place. 

. 2. State the two laws of electrolysis. 

Briefly describe one experiment to illustrate each law. 
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3. What do you understand by the “ chemical effect of electricity ** ? 

Describe one good experiment to illustrate this effect, and give such 
explanation as you think necessary for a proper understanding of the 
experiment. [L.U. 

4. Explain the meanings of the terms current strength and quantity 
of electricity. Name and define units in which each is measured. 

Describe how yon would use a copper voltameter to measure the 
strength of a steady current. 

5. Give a brief account of what occurs when a current of electricity 

is passed through a solution of copper sulphate, the electrodes being 
(a) of copper, (6) of platinum. [L.U. 

6. State the laws of electrolysis. 

A copper voltameter is connected in series with a source of 'electric 
supply and a current is passed for 1 hour. It is found that one electrode 
gains 1*1 grm. of copper in this time. Calculate the current and draw 
a circuit diagram which shows which electrode increases in weight. 
(E.C.E. of copper = 0*00033 grm./coulomb.) [L.U. 

7. State the laws of electrolysis. 

Describe, with a circuit diagram, the method you would use to find 
the electro-chemical equivalent of copper. 

If the electro-chemical equivalent of copper is taken as 0*00033 grm. 
per coulomb, how long would it take to deposit 0*1 mm. thickness of 
copper on one side of a circular plate of metal of radius 2*5 cm., if the 
current passing is 1*25 amp. ? (The density of copper is 8*9 grm. per 
c.cm.) [L.U. 

8. Explain the electrical principles involved in the process of electro- 
plating, referring particularly to that of copper plating. [L.U. 



CHAPTER XLTV 

CELLS 

In electrolytic actions electrical energy is used to bring about 
chemical changes. In a cell this is reversed, and chemical actions are 
used to generate electrical energy. 

The Simply Cell 

Volta (1800) was the first to set up a cell which would give a 
continuous current. His cell consisted of a plate of zinc and a plate 
of silver placed in contact with a solution of salt. Similar results can 
be obtained from a plate of zinc and a plate of copper dipping into 
dilute sulphuric acid. Such simple cells are never used to-day, but 
their study throws light on the principles of cells. 

You probably know that commercial zinc readily dissolves in dilute 
sulphuric acid, hydrogen being liberated. The action is usually 
represented by the equation 

, Zn + H 2 SO 4 = ZnS 04 -f Hg. 

If very pure zinc is used there is, however, no action. Also dilute 
sulphpric acid does not attack copper. 

Into a vessel of dilute suphuric acid dip a plate of pure zinc. No 
action will be observed. Into the same vessel dip a plate of copper, 
keeping the two plates apart. Still there will be no action. Now allow 
the two plates to touch. The zinc at once begins to dissolve and 
hydrogen bubbles appear on the copper plate. You may not be able to 
see that the zinc is dissolving, but ii the plate is weighed before being 
put into the solution and washed, dried, and reweighed after it has been 
in contact with the copper for some time, it will be found to have lost 
weight. 

A similar result is obtained if the two plates are joined up by a 
copper wire outside the solution instead of being allowed to touch in 
the solution. If part of the wire is arranged to run north and south 
and a compass needle is placed just below it, the needle will be deflected 
^ when contact is made with the plates, showing that an electric current 
is running through the wire. It is convenient to have a contact key in 
the circuit so that everything may be arranged and then the circuit 
closed by means of the key. 
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It is clear from this that the two plates must acquire different 
potentials when placed in contact with the sulphuric acid, and. it can 
be shown that the copper plate is at the higher potential and the current 
flows in the direction indicated in Fig. 431. 

The setting up of this potential difference may be explained as 
follows. A dilute solution of sulphuric acid contains positive hydrogen 
ions (H+) and negative “sulphate’’ ions (SO 4 — )'. If a plate of zinc is 
dipped into it, owing to the electro-positive character of that element, 
there is a tendency for positive zinc ions (Zn+'+) to escape from the 
surface of the plate into the solution, each of them leaving two electrons 
behind on the plate. The osmotic pressure due to the ions in the 
solution tends to drive })ositive hydrogen ions on to the plate, but the 
former tendency is the stronger so that some zinc ions do escape from 

the plate which becomes 
negatively charged by 
the electrons which are 
left behind. This results 
in the plate having a 
lower potential than the 
solution. The escape of 
ions from the plate also 
Kisults in there })eing an 
excess of positive charge 
in a very thin layer of 
the solution in contact 
with the surface of the 
plate, and the difference of potential between this layer and the plate 
opposes, the escape of positive ions into the solution, which is brought 
to a stop before any visible solution of the zinc has taken place. 

If a popper plate is dipped into the acid there is again a tendency 
fpr positive metal ions (Cu^+) to escape into the solution and for 
positive hydrogen ions to be driven on to the plate. But copper is 
less elaotlK>-positive than zinc and so its tendency to form ions is not 
so strong i^d is less than the tendency for hydrogen ions to be driven 
out of the solution. Hence hydrogen ions are driven on to the plate, 
and since hydrogen is less electro-positive than copper, electrons are ^ 
transferred from copper atoms to the hydrogen ions, converting them 
into hydrogen atoms. The loss of electrons irom the copper plate 
carges it to be pwl^yely charged and hence raised to a higher potential 
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tlian the solution. The removal of hydrogen ions from the thin layer 
of solution in contact with the copper leaves it with an excess of SO 4 — 
ions so that it becomes negatively charged, and, as in the case of the 
zinc plate, the difference of potential between the plate and the adjacent 
^felution layer rajudly stops the action and there is no visible liberation 
hydrogen. 

It follows from this that if a plate of zinc and a plate of copper are 
both dipped into the same vessel containing dilute sulphuric acid, the 
zinc will be lower in })otential and the coi)]>eT diigher in potential than 
the solution, and so the copper plate will have a higher potential than 
the zinc jdate. If then tlie plates arc connected by a wire a current 
will flow from one plate to the other. It is usual to say that a positive 
current flows through the wire from the copper plate (high potential) 
to the zinc plate (low potential), though, as explained on page 502, 
what actually ha])[)ens is that electrons flow from the low potential 
})late to that at high potential. The flow of eb^ctrons from the zinc 
plate reduces its negative charge and the potential difference between 
it and the surface layer of solution so more positive ions can escape 
from it. Also, as electrons flow through the wire into the copper ])late 
, they neutralise some of the positive charge on it and reduce the potential 
difference at its surface, which allows more hydrogen ions to be driven 
on to the plate. Thus the actions which have been described can go 
on continuously so long as the plates are connected by an external 
conductor, and the plates will be kept at different potentials and a 
continuous current will flow. Also zinc will be continuously dissolved 
and hydrogen continuously liberated at the copper plate so long as the 
current flows. 

Local Action ' 

The ready dissolving of impure zinc in dilute sulphuric acid may be 
explained by regarding the particles of impurities as playing the part 
of the copper plate in the simple cell. By the process already Explained 
the particles of impurity on the surface of the zinc become charged to 
a higher potential than the zinc. As they are in contact with the zinc 
small local currents flow from the particles of impurity to the neigh- 
/bouring zinc and the dissolving of the zinc is continuous, bubbles of 
hydrogen rising from the particles of impurity. 

This Ipcal action is troublesome if impure zinc plates are used in 
’ cells. It results in the zinc plate continuing to dissolve even when the 
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cell is not yielding current, thus wasting zinc. It also means that, 
even when the cell is working, much of the chemical energy that. should 
be transformed into electrical energy to drive the current in the external 
circuit is used up in driving the little local currents in the cell and 
finally converted to heat energy causing a rise in temperature of the cell."* 

Local action can be prevented by anwlgamating the zinc plate. 
It is dipped into sulphuric acid and then rubbed with mercury. The 
mercury dissolves some of the zinc forming a solution known as zinc 
amalgam which coats the plate. As the mercury does not dissolve the 
impurities they are kept from contact with the acid in the <5611 by the 
coating of amalgam over them. 

Polarisation 

Set up a simple cell and connect in series with it a sensitive ammeter 
and a switch key. Close the switch and watch the readings of the 
ammeter. It will be observed that the strength of the current falls 
off rapidly and in a short time it may become zero. When this happens 
inspection will show that the copper plate is covered with hydrogen 
bubbles. Remove these bubbles by brushing with a camel-hair brush. 
The current will recover somewhat, but will quickly fall off again as a 
fresh layer of bubbles forms. This shows clearly that the falling off of 
the current is due to the layer of hydrogen which prevents contact 
between the copper and the acid and so stops the action of the cell. 
This defect of a simple cell is called polarisation^ and cells which are 
required to give current for any length of time must have some provision 
for depolarising, that is, preventing a layer of hydrogen from forming 
on the positive poje. 

To some extent polarisation may be prevented by giving the 
positive pole a rough surface from which the hydrogen bubbles break 
away more readily thaa from a smooth surface. Most cells, however, 
utilise chemical actioais for depolarising. To illustrate this allow the 
simple cell to become polarised, and then by means of a foimtain pen 
fill^ squirt strong copper sulphate solution over the copper plate. 
The hydrogen bubbles will disappear and the current will regain strength. 

It may be noted in passing that the deposition of hydrogen at the 
copper is not the only cause of ** polarisation ” in a cell. 

Some Common Cells 

(1) The Daniell Qell. — This is illustrated in Fig. 432. It is a 
modifieg^ion of: the simple cell with copper sulphate solution as 
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depolariser. Instead of a copper plate a copper vessel which contains 
the fluid of the cell is used, the vessel itself being the positive pole. The 
negative pole is an amalgamated zinc rod which stands in a porous pot 
inside the copper vessel. Dilute sulphuric acid is placed in the porous 
»t and a saturated solution of copper sulphate Alls the outer vessel 
mround the top of which is fixed a perforated shelf on which crystals of 
Vopper sulphate are placed to maintain the solution in a saturated 
condition. The two fluids are in contact through the pores of the 
porous pot. 

The jir^mary actions, producing the potential difference between 
the poles, are those of the simple cell. The copper sulphate solution 
contains and SO4 ions. Thus the positive ions which are 

driven on to the copper plate 
are copper ions instead of 
hydrogen ions and no layer of 
hydrogen bubbles is formed on 
the surface of the plate and 
polarisation is prevented. 

When the cell is not in use 
the porous pot should be re- 
moved and emptied or the two 
liquids will gradually diffuse 
into one another. Also the 
zinc rod should occasionally 
be re-amalgamated or there 
will be an excessive dissolving 
of zinc by the acid. 

Daniell cells are not much used nowadays, but before the develop- 
ment of the accumulator they were frequently used when a source 
which would give a steady current for a considerable time was required.* 

(2) The Leclanchb Cell. — ^This is shown in Fig. 433. The 
negative pole is a zinc rod which dips into a solution of sal-ammoniac. 
The positive pole is a carbon rod which is packed into a mixture of 
manganese dioxide and carbon in a porous pot. The zinc becomes 
negatively charged by the escape of positive ions as already explained. 
yThe ammonium chloride in the solution ionises according to the equation 

NH4CI = NH4+ + C1-, 

» so the positive ions which are driven on td the carbon rod are 
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ammonium ions. As these are dischjiirged by taking electrons from 
the carbon atoms, the resulting ammonium groups react in pairs 
according to the equation 

2 NH4 := 2 NH3 + 

The ammonia dissolves in the water in the cell and the hydrogen is 
oxidised to water by the mangane^ae dioxide (2 MnOg + Hg = MugOg 
+ HgO). The MngOg is oxidised back to MnOg by oxygen from the 
air when the cell is not working, and so it will continue to act as 
depolariser for a long time. 

These cells require little attention beyond the addition of water 
occasionally to make up for loss by evaporation and the renewal of the 
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sal-ammoniac as it gets used up. They are not, however, suitable for 
giving currents of long duration. This is readily shown by joining a 
Leclanche cell in scries with an ammeter and a variable resistance. 
Adjust the current to give a suitable reading on the ammeter and take 
that reading at half-minute intervals. In a little time the current will 
be found to drop rapidly. If the circuit is broken for half-an-hour and 
then completed again the cell will he found to have recovered and to 
be giving about the same current as at first. The reason for this is that 
the oxidising action of the manganese dioxide is slow, so that the 
hydrogen is not removed as fast as it is produced when the cell is 
working. Hence, if the cell goes on working for some time it doesS 
become polarised. On standing the polarising hydrogen will gradually 
be oxii^ed and the cell recovers. 
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Because they need so little attention, Leclanch6 cells are still 
frequently used, but only for such purposes as ringing door-bells where 
intermittent currents of short duration are required. 

(3) Dry Cells. — These, as illustrated in Fig. 434, are modifications 
|i>f the ^clanche cell. The container is made of zinc and acts as the 
‘negative pole.^TSSdc it is a paste made of flour or plaster of Paris 
moistened with sal-ammoniac solution. A calico bag replaces the 
porous pot. The actions are the same as in the Leclanche cell, but 
there is no free liquid to be spilled if the cell is upset. They are much 
used where* that is an advantage, for example, in pocket torches, cycle 
lamps, wireless sets, and so on. For such purposes they are frequently 
made up into batteries, the zinc containers being separated by cardboard 
insulation and the positive pole of one cell being connected by wire to 
the negative pole of the next. 

A modification of the Leclanche and dry cells employs ferric chloride 
as depolariser instead of manganese dioxide. This acts more quickly 
and enables the cell to be used continuously for a longer time. 

(4) Accumulators. — The cells so far dealt with are called primary 
cells, since in them we merely bring into contact suitable substances 
j which, by their chemical actions, will generate electrical energy. 
Accumulators are called secondary ceils since, while it is chemical 
I actions taking place in them which generate electrical energy when 
they are giving current, they were brought into condition to do this by 
Jirst passing in a charging current!\ Accumulators are also said to be 
reversible cells because a charging*^ current can reverse the chemical 
actions which take place in them when they are yielding current and 
bring the contents back to the condition they were in before discharge 
took place. The other cells are not reversible in this way. For 
example, when the ammonium chloride of a Leclanche cell has been 
used up, passing a current through the cell in the reverse way will not 
cause ammonium chloride to be formed in it, but a fresh suppl}^ must 
be placed in it. 

The most common accumulator is the lead ax^cumulator, the principle 
of which can be shown by electrolysing a solution of sulphuric acid 
between lead electrodes. Hydrogen will be liberated at the cathode 
'‘and oxygen at the anode, as when platinum electrodes were used 
(page 516). In time, however, the anode will be found to have a 
brown colour due to the oxygen liberated at it oxidising the surface 
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to lead peroxide, Pb + O 2 = PbOj [Fig. 435 (a)]. If now the original 
source of current is disconnected and the two plates are connected to an 
ammeter it will be found that current passes through it, the plate which 
was previously the anode acting as the positive pole of a cell; the 
cathode acting as the negative pole, the current flowing in the opposite 
direction to the original charging current [Fig. 435 ( 6 )]. During this 
discharge both plates become white on the surface owing to the forma- 



Fig. 436. 


tion of lead sulphate on them. This is due to the ions of the sulphuric 
acid. The hydrogen liberated at the positive pole reduces the lead 
peroxide to litharge (PbO) which then reacts with the sulphuric acid to 
form lead sulphate (PbS 04 ). At the negative pole there is a reaction 
between the SO 4 — ions and the lead also producing lead sulphate. 

When the voltage of the cell has fallen it can be charg^ again by'" 
passing current into it once more in the original direction [Fig. 435 (c)]. 
The dtygen liberated at the positive pole oxidises the lead sulphate to 
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lead peroxide and the hydrogen liberated at the negative pole reduces 
the lead sulphate there to lead and so the cell is brought back into the 
same condition as before discharge. 


,It will be found that after the second charging, which should be 
j^^arried on until all the white lead sulphate has disappeared, the cell 
||pwill give as big a current as after the first charging but for a longer 
*>J'>time. This is due to the fact that, owing to the chemical changes which 
have taken place, the surface of the plates acquire a spongy texture so 
that the second time the ions can act on the plates to a greater depth 


and produce more active 
material. When accumula- 
tors have solid lead plates 
to start with they are charged 
and disaharged a number of 
times before being used in 
order to increase their 
capacity. This process is 
called “ forming’’ the plates. 
In modern portable accumu- 
lators the plates are generally 
lead grids such as that illus- 
trated in Fig. 436, the grid 
being iilled up with a paste 
made of sulphuric acid and 




oxides of lead. With such p- ■ 

plates a considerable depth to -ve -i ff jrrrrrr - .V-" ~ " 1 terminal 

of lead peroxide and spongy terming :1 7." V-V .V-V-" ^ [Insulating 

lead is produced by the first Lr --~v.r. sheets 

charging. For stationary bat- Fig. 437. 

teries, as used in telephone 

exchanges, power stations, and in various institutions for emergency 
lighting, the Plante type with positive plates formed from solid lead 
plates are still used as they are found to give more efficient service 
over long periods. 

To obtain a large surface area, the plates are usually made in two 
interlocking sets, all of one set being connected to the positive terminal 
^ and aU of the other set to the negative terminal. To prevent positives 
and negatives from making contact, sheets of insulating material are 
placed between them (see Fig. 437). 
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An accumulator is, of course, subject to the law of conservation of 
energy and cannot give out, during discharge, more electrical energy 
than was passed into it during charging. The capacity of an accumu- 
lator is generally stated in amp.-hours, that is the product of current 
given out by the number of hours for which it can be taken. Thus 
an accumulator with a capacity of 60 amp.-hours might when fully 
charged give a current of 3 amps, for 20 hours or of 5 amps, for 12 hours, 
and so on. Instructions are usually given with an accumulator that 
it should be charged with a current of a given strength. The number 
of amp.-hours required for charging is always greater than the capacity. 
With proper use the capacity should be about 90 per cent, of the 
charging amp.-hours and this is often said to be the amp.-hour efficiency 
of the accumulator. It is not a true mechanical efficiency for, as will 
be seen in a later chapter, amp.-hours are not units of energy. The 
energy efficiency of an accumulator should be about 75 per cent., that 
is the electrical energy given out in discliarging should be about 75 per 
cent, of that used in charging. 

The advantages of an accumulator are that it can give fairly large 
steady currents for a considerable time. Its disadvantages are that it 
is heavy and that it is easily damaged by careless use. If it is discharged 
too far or left standing for long unused, the acid attacks the plates and 
may form a very heavy deposit of lead sulphate on them which it is 
difficult to reconvert into lead peroxide and lead. If it is charged at 
too high a rate, particularly towards the end of the charging, consider- 
able heat is generated in the plates and may buckle or crack them. 

The formation of lead sulphate on the plates during discharge 
results in the removal of sulphuric acid from the solution, but this 
sulphuric acid is returned to the solution by the actions in which lead 
peroxide and lead are formed from the lead sulphate during charging. 
*Thus the density of the electrolyte rises during charging and falls 
during discharge and the state of charge is shown by that density. 
Many accumulators are fitted with automatic devices which are 
operated by the change of density to show when recharging is necessary. 

The iron-nickel or Edison accumulator, used to a considerable extent 
in America, is similar in principle. Its positive plates consist of nickel- 
plated iron tubes packed with nickel hydroxide. Its negative plate 
consists of similar tubes filled with finely divided iron. The electrol 3 rte'' 
is a solution of i)otassium hydroxide which gives positive potassium 
and negative hydroxyl ions, KOH = K+ + OH". 



CELLS 


531 


It has the advantage over the lead accumulator of being lighter 
and also of being more robust so that it can be charged at a higher rate 
without being damaged, but it is more bulky and does not give so 
steady a current. It is used for supplying current to motors in electric 
i^rucks, etc. In England a similar alkaline cell with nickel and cadmium 
f. as its elements is more used than the ir^n-niekel cell, but use of the lead 
‘ accumulator is still much more widesi>rea(l. 


Electromotive Force 

It is the potential difference between the poles of a cell which drives 
current round an eocternal circuit connected to it. For this reason that 
potential difference is sometimes referred to as the electromotive force 
of a cell. This term should, however, only be used to denote the 
potential difference between the poles when the cell is not giving cMrrent, 
for the reasoning on page 536 will show that this potential difference 
tends to fall when current does flow, and only a portion of the total is 
available for driving current in the external circuit. When current 
flows the P.D. between the terminals is less than the E.M.F. of the 
cell; the P.I). between the terminals is only equal to the E.M.F. if 
^ no current is flowing. 


Units of Potential Difference 

As'in the case of electrostal ics we may say that there is one unit oj 
'potential difference between two poiuts when 1 unit of work has to be done 
in transferring 1 unit quantity of positive electricity from one pohit to 
the other. If the coulomb is taken as the unit of quantity and the erg 
as unit of work in the definition a very small unit of potential difference 
is obtained, so for practical purposes a unit of work equal to 10,000,000 
or 10^ ergs is used. This is called a joule. When 1 joule of work is . 
required to transfer 1 coulomb of electricity from one point to another 
the potential difference between those points is said to be 1 volt. This 
is smaller than the electrostatic unit of potential which equals 300 volts. 


Standard Cells ^ 

For practical purposes it is useful to have a cell which has a constant 
.known E.M.F. with which other potential differences can be compared 
in order to find their value. For many years the Daniell cell was used 
for this purpose, as if it is carefully prepared, it has an almost constant 
E.M.F. of 1-09 volts. 
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A more accurate standard is the Weston cadmium cell illustrated 
in Fig. 438. The cadmium in the amalgam on the left and the mercury 
on the right form the poles of the cell. The mercurous sulphate is the 
depolariser. Very exact instructions for making such a cell are issued 
by the National Physical Laboratory, and if they are followed the cell 

will have an E.M.F. of 1*0183 







SATURATED 
nSOLUTION OF 
CADMIUM 
SULPHATE 


CRYSTALS OF, 
CADMIUM 
SULPHATE 

lADMIUM 
amalgam 

MERCUF 



aste of 
mercurous 
sulphate 


volts at 20° C. This voltage 
varies a little with temperature, 
but the coefficient is small and 
accurately known, so, its E.M.F. 
at other temperatures can be 
calculated. 

The cadmium cell should 
never be used as a source of 
current as that would soon alter 
its E.M.F. It should only be 
used in methods in which it is 
momentarily put into a closed 
circuit for comparison with 
other cells. Sec “potenti- 
ometer,” page 569. 


^ro. 43S. Weston Caom.hm Comparison of E.M.P.'s 

/ The E.M.F.’s of two cells may be roughly compared by arranging 
them in the same circuit in such a way that they tend to drive current 
in opposite directions and finding which can drive current through the 
other. 

Set up a wire running north and south and place a compass needle 
below it. Connect in series with it a variable resistance, a cell, and a 
.key. When the key is depressed the compass needle is deflected. 
Adjust the resistance so that a deflection of about 45° is obtained. 
If now the cell connexions are reversed it will be found that the 
deflection of the needle is reversed. For instance, if in the first case 
the north pole was deflected to the east, in the second case it will be 
deflected to the west. 

Place one of the cells to be Compared in the circuit, depress the key, 
and note in which direction the needle is deflected [Fig. 439 (a)]. Now , 
connect the second cell to the first, connecting their negative poles so 
that they tend to drive current in o|Q>osite directions round the circuit 
^g- 439 (6)}. Depress the key and note which way the needle is 
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deflected this time. If it is in the same direction as before current is 
still travelling in the same direction, so the first cell is able to drive 
current against the second one and has the greater E.M.F. If the 
deflection of the needle is reversed the second cell has the greater E.M.F. 

In Ahis way compare cells of various types and see if the results 
agree with the following table. 


Cell 

E.M.F. , 

Daniell 

1"09 volts 

Leclanche 

1-4-1-6 „ 

Lead accumulator 

2-)08 „ 


It*is interesting to compare also cells of the same kind but of different 
sizes. It will be found that when two such cells are placed in opposition 
there is no deflection of the needle, showing that no current passes, 
and therefore the two E.M.F.’s are equal. This gives the important 
result that the E.M.F. of a cell depends only on its materials and not on 
the size of the plates. Large plates placed near together are an advantage 
in a cell as current has to be driven through the cell itself as well as 
through the external circuit, and there will be less resistance in the 
cell — see next chapter — ^if the plates are large and near together. Thus 
a cell with large plates near together will send a larger current through 
a given external circuit than a similar cell with smaller plates, though 
it has only the same E.M.F. In an accumulator a large plate surface 
also provides more active material and therefore a greater capacity. 

Battanes cP' 

Cells are often arranged in gtgnps to form batteries. There are tvo 
main ways of connecting them. 
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Fro. 440. 


*^(1) Ti^Series. — The negative pole of one is connected to the 
positive pole of the next throughout the battery [Fig 440 (a)]. In 
this case the total E.M.F. of the battery is the sum of the E.I&.F.’s of 
the separate cells. Suppose 1, 2, and 3 have E.M.F.’s of x, y, and z 
volts respectively. Then h has a potential x volts higher than a. 
Because h is connected to c, they form one conductor and have the same 
potential. Therefore c is a; volts higher than a in potential. But d 
has a poteijtial y volts higher than r, and therefore x y volts higher 
than a. Similarly it can be shown that the potential of / is a; + y + 2 
volts higher than that of a, and this process could be continued for any 
number of ceUs. yjladu 

(2) In Parallel. — All t^^egative poles are joined to one point 
and all the positive poles to another point, these points becoming’ the 
poles of the battery [Fig. 440 (6).] Considering the case where all the 
cells have the same E.M.F., the E.M.F. of the battery is only equal to 
that of a single cell. For a, c, and e all being connected form one 
conductor and all have the same potential. Similarly b, d, and / all 
have the same potential. Hence the potential difference between L 
and M is the same as that between a and 6. Although the parallel 
arrangement has only the same E.M.F. as a single cell it will send a 
bigger current round a given external circuit for it is^ equivalent to 
increasing the size of the plates. 



Car Batteries and High Tension Cells 

Car batteries usually have E.M.F.’s of abodtf 6 or 12 volts. They 
are composed of load accumulators in series. Since each of these has 
an E.M.F. of about 2 volts, three are required for a 6-volt battery and ^ 
six for a 12- volt battery. 

« In wireless sets, certain points require to have a high potential 
difference maintainecT between them. In battery sets a high 'tension 
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A ^ C 



Fig. 441. 

battery is used to secure this. It consists of a large number of dry cells 
connected in series. Each has an E.M.F. of 1*5 volts, so if n such cells 
are included in the battery the total E.M.F. is X 1-5 volts. “ Tap- 
pings ** arc usually provided so that connexion can be made at various 
points along the battery. Fig. 441 illustrates a small portion of such a 
battery. If conductors are plugged in at A and B they will have a 
potential difference of 4 X 1*5 = 6 volts. When j)lugged in at A and 
C the potential difference will be 10 x 1*5 = 15 volts. 

Batteries for small pockcjt torches usually have two or three dry 
cells in series giving an E.M.F. of 3 volts or 4*5 volts. In the batteries 
for round torches they are usually placed end to end, the bottom of 
the zinc case of one making contact with a coj)per cap on the top of the 
carbon rod of the one ])elow it. 


QUESTIONS ON CHAPTER XLIV 

1. State three properties which should be possessed by a good cell. 
Describe briefly how these properties are illustrated in each of the 
following: (a) Daniell cell, (6) Leclanche cell, (c) storage cell (accumu- 
lator). 

Distinguish between primary and secondary cells. [L.U. 

2. Describe and explain what is to be observed when (a) a copper 
and a zinc plate connected by a wire are dipped into dilute sulphuric 
acid, (h) a current is sent through a solution of copper sulphate, a copper 
and a platinum electrode being used, the latter as (i) the cathode, 
(ii) the anode. 

Briefly describe one practical application of electrolysis. [J.M.B. 

3. Describe the simple voltaic cell. State what is to be observed 
in the cell- when its terminals are connected by a copper wire. Mention 
three disadvantages of this cell as a source of electric power. 
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Explain how the Daniell cell differs from this simple cell, and say 
why it is superior to it. Give two advantages of the accumulator over 
the Daniell cell. [J.M B. 

4. Explain the cause of (a) polarisation, (6) local action, in the case, 
of a voltaic cell. 

Describe how each of these defects is lessened in the case of a 
Daniel! cell. [L.U. 

5. Explain what is meant by (a) local action, (b) polarisation, in a 

voltaic cell. Describe and explain how these defects are minimised in 
one type of voltaic cell with which you are acquainted. [L.U. 

6. Describe the construction and action of one type of primary cell 
in common use. Give reasons why you consider the cell you ^describe 
is suitable or unsuitable for use in a domestic bell or telephone circuit. 

[L.U. 

7. What type of cell would you choose for each of the following 
purposes 1 (a) Lighting a room, (b) Working a bell circuit. 

(c) Lighting a cycle lamp. In each case give reasons for your choice. 

8. What are the properties of a storage cell (accumulator) which ^ 
make it so useful ? Name two important uses of these cells in every 
day life. 

It is most important that the terminals of a storage cell should not 
be short circuited. Explain the reason for this. [L.U. 

9. Describe one useful form of primary (or voltaic) cell and a 
secondary cell (or accumulator). 

Compare the advantages and disadvantages in the use of these two 
types of cell. [L.U. 

10. Give an account of the construction, action, and use of any 
pattern of either (a) a Leclanche cell, or (b) a storage cell (accumulator). 

What is the distinction between a primary ceil and a secondary 
ceU ? [L.U. 

11. What is meant by the electromotive force of a cell ? State the 
name of the unit for measuring electromotive force and define that unit. 

How would you find which was the greater (a) the E.M.F. of a 
Leclanch4 cell or that of a Daniell cell; (6) the E.M.F. of a smair 
lead accumulator or a large one, each consisting of a single cell? 

» What resuhto would you expect to obtain ? What is the advantage of ^ 
ludtig an accumulator with large plates ? 



CHAPTER XLV 

MAGNETIC EFFECTS OF CURRENTS 

In CLapter XLII. it was shown that magnetic effects could be 
detected in the neighbourhood of conductors carrying currents. Very 
many electrical devices, ranging from electric bells and telephones to 
powerful electro-magnetic cranes and motors, depend on these effects. 


Magnetic Field Around a Straight Conductor 

a stout vertical wire passing through a small hole in a horizontal 
sheet of cardboard on which iron filings are sprinkled. Pass a current 
of 15 to 20 amps along the wire and gently tap the card. The filings 
arrange themselves in circles concentric with the wire, showing the 
form of the lines of magnetic force in the. 
field which surrounds the wire when current 
is passing through it. 

If the connexions are arranged so that 
the current passes upwards and small compass 
needles are placed around the wire, the 
directions in which their north poles are 
driven when the current is switched on will 
show that the lines have the direction Fig. 442. 



shown by the arrows in Fig. 442. If the 
current is reversed the direction of the lines 
of force is also reversed. 


Lines of Fobob Round 
A Straight Wm® Cabby- 

ING A CUBBENT. 


Maxwell’s Cokksckew Rule. — To help in memorising the above 
results Maxwell stated the rule, "^Imagine a corkscrew being screwed 
(dong the conductor in the direction of the current. The direction in which 
the ends of the handle move gives the direction of the lines of magnetic force.** 


Field Due to a Circular Coil 

Thread about ten turns of stout insulated wire through two holes 
in a sheet of cardboard to form a close circular coil at right angles 
to the cardboard, with a diameter of about 4 inches. Pass a current of 
3 amps, through the coil. By means of iron filings and compass 

637 
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needles it will be found that the magnetic field has the form shown 
in Fig. 443. 

Note that the direction of the lines of force around each holedn 

the cardboard agrees with 
the corkscrew rule as applied 
to the part of the coil pass- 
ing through that hole. 

Field Due to a Solenoid 

Along two parallel lines 
about ‘2 inches .apart on a 
sheet of cardboard make 
holes about one-eighth of an 
inch apart and thread a stout 
wire to form a long drawn out coil, as shown in Fig. 444 Three or four 
turns should be passed through each pair of holes. Such a coil is called 
a solenoid. Pass a current of about 10 amps, through it and map the 
magnetic field produciul. It will be found to have the form shown in the 
figure. Note that the lines of force inside the solenoid run parallel to its 
axis, and that the field outside it is similar to that of a bar magnet. 

In all the above cases only one section of the field has been mapped. 
In the case of a straight wire all sections perpendicular to the wire, 
and in the case of a coil all passing through its axis, would be similar. • 

Comparison of Solenoid and Bar Magnet 

The distribution of lines of force in Fig. 444 suggests that a solenoid 
carrying a current will behave like 
a magnet. This is investigated in 
the following experiments. 

(1) Wind closely about four layers 
of thin insulated copper wire on a 
light cardboard tube 4 in. long and 
J in. in diameter. Attach light 
flexible leads and suspend the coil 
by a silk thread attached half-way 
along it, so that its axis sets hori- 
zontally. Pass a current of about 
2 amps, through it and bring the same pole of a bar magnet near each 
end in turn, ‘One end of the coil will be repelled and the otlier will be 
Attracted. 



Fro 4-14. 

M>.gnetic Lines of Force About 
A Coil Carrying a Current. 



Fro. M:J. 
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(2) Fix tlie coil with its axis horizontal and suspend small pieces of 
clockspjing near its ends. They will be attracted at both ends of the 
coil when current passes. 



Fifi. 445. 


(3) Magnetise a knitting needle, suspend it in a sling, and allow it 
to set. Fix the coil with its axis in line with the needle as shown in 
Fig. 445. Switch on the current. With the coil opposite the north 
pole of the needle and current travelling in the direction indicated, 
the needle will be attracted into the coil. Move the coil, placing B 
opposite to the south pole, still passing current in at A and out at B. 
The needle will now be driven away from the coil. Repeat with A 
near the poles of the needle and s will now be attracted while n is 
repelled. Thus A behaves like a north magnetic pole and B like a 
south pole as shown in Fig. 446. 

(4) Repeat the experiment with the coil and compass needle 
described on page 504. Again try the 
effect of both ends of the coil on the 
needle. The same conclusions as those 
under (3) should be reached. 

These experiments show conclusively 
that the solenoid when carrying a 
current behaves like a magnet with north 
polarity at one end and south polarity at 
the other. They also enable the polarity 
of each end of the coil to be determined. 
Verify in this way the following rule 
for remembering the relation between 
direction of current and the resulting 
polarity. “ Look along the axis of the 
coil: if the current goes round the near 
end in a clockwise direction that end will 
have south polarity; if it goes round in an anticlockwise direction the 
polarity wijl be north. An easy device for remembering this rule is 
shown in Fig. 447. 



Fro. 447. 
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Remembering that lines of force run outwards from north poles and 
inwards to south poles, examine Figs. 443, 444, and 446 and note that 
they are in agreement with this rule. 

Coils with Iron Cores 

Set up coil and compass needle as for Expt. 4 on page 539. Increase 
the distance of the coil from the needle until the latter only undergoes 
very slight deflection when current passes through the coil. Now 
gradually slide a rod of soft iron along the axis of the coil from the end 
away from the needle. The deflection will be considerably increased, 
showing that the intensity of the fleld along the axial line has been 
greatly increased by the presence of the iron core. This may be 
explained in two ways. It may be said that the 
magnetic lines pass more easily through the iron 
than through the air and so crowd into the bar 
making a more intense fleld along the axial line 
where the compass is situated. (Compare Fig. 358.) 
Alternatively it may be said that the fleld due to 
the coil “ induces ” magnetism in the iron bar, 
and the lines of force due to the magnetised iron 
are added to those due to the coil. 

If a rod of hard steel is used instead of one of 
soft iron, the effect on the fleld will not be so 
great but the rod will be foimd to be permanently 
i’lw. magnetised when it is withdrawn, the poles being 

Elbctromaonet. arranged as already indicated for the coil. This 
is the method by which bar magnets are usually 
made. The experiment also illustrates the fact that hard steel is 
^ more difficult to magnetise than soft iron but retains its magnetism 
better. 

Electromagnets 

, The last section explains the principle of electromagnets. By 
wrapping a large number of turns of insulated wire around a soft iron 
core a very powerful magnetic effect is obtained when a small current 
is passed. Soft iron is used for the core both because it is so easily 
magnetised and because it tends to loose its magnetism again when 
the current is stopped. Fig. 448 shows how a horseshoe-shaped piece 
of jron may be wound so as to produce a horseshoe magnet by means * 
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of which the inductive effect of both poles can act on the same piece 
of iron thus increasing the lifting power. 

^Electromagnets used for lifting are often made in the form shown 
in Fig. 449. If the current is passed in such a way that the central 


nojection becomes a north pole, the edges 
will have south polarity and ail the lines 
of force will be concentrated on the piece 
of iron being lifted. . Such electromagnets 
are useful in ironworks, since the load can 
be attache^ and released by switching the 
current on and off. The picture on page 
542 shows several hundredweights of iron 
discs being lifted by such a magnet. 



They can also be used for sorting out 
iron and steel articles from others made of 
non-magnetic material, and are sometimes 
used in this way to sort out tin cans, etc., 
from other rubbish at refuse dumps. 

The Electric Bell 

Fig. 450 illustrates tihe essentials of an 
electric bell. The leads are attached to the 
two terminals shown at the top. When 



current passes round the coils in the 
direction shown the iron core is magnetised, 
the upper pole piece becoming a nortli pole 
and the lower one a south pole. This 
attracts the piece of soft iron. A, causing 
the striker to hit the bell. The movement 
of A breaks the circuit at S so that the 
current ceases to flow and the core loses 
its magnetism. The spring by which A is 
attached to the screw above it now pulls 
A back, so that contact is made again at 


PLAN 



WOODEN FORMER 
.Fjo. 449. 


S and the process is repeated. This will continue sglong as the circuit 
to the terminals is closed. / 


Morse Sounder and Inker. Relays 

The Morse Sounder. — In Fig. 451 the sending apparatus of a 
telegraph system is shown on the left, and the receiving apparatus on 


542 GENERAL PHYSICS— MAGNETISM AND ELECTRICITY 


the right. When the key, K, is depressed and makes contact with M, 
current can pass 'from the battery, B, through the key, along the line, 
round the coils of the electromagnet, E, and back to the battery through 



C'OUTttsif of ( 7 , E , C. Ijtdm 


An Electric Lifting Magnet Carrying a Load of tons. 

the earth. The electromagnet attracts the piece of soft iron, 
X, making L strike Pj. On releasing K, the spring S^ pulls it from- 
contact with M, breaking the circuit so that the attraction of E for X 
ceases. S 2 ‘theh pulls L away from Pj and makes it strike .Pg. The 
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interval between the taps on and Pg is 
fixed by the length of time K is kept 
down, ind thus the “ long ” and “ short ” 
ighals of the Morse code can be trans- 
ited, 

Thk Morse Inker. — Morse messages 
sent as above- may be automatically 
recorded by the arrangement shown in 
Fig. 452. The circuit arrangements arc 
similar to tjiose on the sounder. When 
E is magnetised it pulls up the piece of 
soft iron below it, thus pressing the inky 
point of the inker down on the moving 
paper t^e. By holding K down for long 
and short intervals, long and short marks 
can be made on the tape. 

Relays. — The currents transmitted 
along telegraph wires are very small and 
may not be sufficiently powerful to work 
-an inker mechanism. In that case, as 
shown in Fig. 4^3, E is made to close a light switch which completes a 
second circuit with its own battery sending a strong cuiTcnt round the 
coils of the inker magnet. 



I'lo. 450. Thk Electric Bell. 


The Telephone Receiver 

As shown in Fig. 454, the receiver contains a permanent magnet, 
M, to which pole pieces, P, of soft iron are attached. Around these are 


LINE 
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coils, C. A thin diaphragm 
of soft iron, D, is stretched 
across the earpiece nc^r 
these pole pieces. When the 
transmitter is spoken into > 
a similar diaphragm is set 
into vibration. Its move- 
ments cause changes in the 
strength of the current 
passing between the two 
instruments and round the 
coils, C. This causes variations in the magnetic strength of the 
pole pieces. D is thus subjected to varying attractions which cause 
it to spring backwards and forwards, reproducing the moTtements 
of the transmitter diaphragm and so sending reproductions of the 
original sound waves to the ear applied to the opening. 

Loud Speakers. Motor Car Direction Indicators 
(1 ) Moving Coil Loud Speaker.— This depends on the fact that a coil 
carrying a current will be attracted or repelled by a magnet. As shown 
in Fig. 455, a light coil attached to a stiff paper cone is inserted between 
the poles of a circular magnet which may be a permanent magnet or 
an electromagnet. Variations in the current passing round the coil 
cause variations in the attraction between it and the magnet, so setting 
the coil and the cone in vibration and reproducing the sound waves 
which gave rise to the current variations. 

(2) Automatic Direction Indicators on Cars. — The arm is pivoted 
at P (Fig. 456). The iron 
weight, W, is j ust too light to 
pull the arm up. When cur- 
rent is passed through the 
coil C the magnetic field set 
up acts inductively on W, 
magnetising it in such a way 
that it is attracted into C 
and the arm is raised. When 
the current is stopped the 
» magnetic effects disappear 
and the arm drops again. 




CIRCUIT COMPLETED THROUGH EARTH 
Fio. 453. This Use of a Rel^y. 


Hli; 



INKER 

MOVING TAPE 


CIRCUIT COMPLETED THROUGH EARTH 
Fig. 452. Simple Telegraphic Circuit. 
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Effect of Magnetic Field on a Con- 
ductor Gairying Current 

It has been shown that a con- f 

.ductor carrying current exerts forces ^ h;; 

*on magnetic poles near it. From the c 

law of action and reaction it will 

follow that the magnetic poles exert VT' ^ k ^ 

forces on the conductor. ^ J 'C 

If the straight conductor, AB, in ^ \p 

Fig. 457 carries current in a down- / 

ward direction the lines of force ^ p.. / 

around it would have the direction ^ I • • A J 

shown. Hence a magnetic north 

pole placed at P would tend to be m ki/L,.. . ■] m 

driven along PR. Since reaction is ^ 

opposite to action, if the pole at P 

is fixed and AB is free to move, the 

latter will be driven in the direction 

OX. Note that the motion of the 

conductor is in a direction at right Fjo. 454. 

angles to both the lines of force due 

to the pole at P — broken lines — ^and to the direction of the current. 
If the current is reversed the direction of motion will be reversed. 

This effect may be shown experimentally by the apparatus shown 
in Fig. 458. AC is a piece of stout copper wire attached by a flexible 
wire to W. It dips into mercury in the trough M. NS is a magnet 
inserted through the base of the stand with its north pole upwards. 

Terminal Y is connected 
through B to W. Term- 

r /m inal X is connected td 

V ,//////■'' I 111 the mercury in M. When 

vv 1 positive current is passed 

U in at Y and out at X the 

' \ indicated in Fig. 457. 

\ When the current is 

MAGNET AT^CHEo>y \J ^^verscd it will rotate 

TO CONE ^ in the opposite direc- 

'Fio. 456. Fig. 450. tion. 


Fig. 450. 
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The direction of motion can be remembered by Fleming's Left Hand 
Buie, viz. Hold the thumb y first and second fingers of the left hand so as 
to be mutmlly at right angles. Point the first finger in the direction of 

the field and the second in the 
direction of the current. The thumb 
will then pomt in the direction in 
which the conductor tends to move 
(Fig. 459). 

Galvanometers 

Any arrangement, such as the 
magnetic needle which has been 
mentioned several times, which 
will indicate the presenvie of a 
current is called a galvanoscope. 
If readings. taken from it allow 
current strengths to be compared it is a galvanometer. When direct 
readings of current strengths in amperes or mi Ilia m pores (thousandths 
fljf^amps.) can be obtained from it it is an ammeter or a milliammeter, 

The measurement of current by silver and copper voltameters, 
wldie very accurate if carefully conducted, 
is a long and tedious process and is only 
used in practice to test the readings of 
other instruments. Immediate readings 
may be made from instruments depend- 
ing on magnetic effects. 

Moving Needle Galvanometees.— 

The tangent galvanometer shown in 
||Kg.,460 is typical of these. It has a 
boil in a vertical plane through whicli 
^ tho current to be measured is passed. 

Suspended at the centre of the coil is a 
short magnet carrying a light aluminium 
pointer at right angles to it with a 
circular scale of degrees below it. 

Before passing the current the coil is 
turned so that its plane coincides with that of the magnetic 
niecidian, that is, so that the magnet sets in the plane of the coil, 
current passes through the coil the resulting field at its^ centre 



Fig. 458. 
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will act along its axial line (see page 538). Thus the magnet will 
be under the influence of the horizontal component of the earth’s field, 
H, and a field of intensity, F, due to the coil and at right angles 
to the earth’s field 
'(Fig. 461). This will 

cause a deflection, ^Vo 

exactly the same as 
in the case of ^ 
the magnetometer 

by the same type 
of reas(>ning it can 
be shown that 


— = tan Therefore, if two different curnmts, (\ and (^ 2 , produce 

H 

fields Fj and F 2 respectively resulting in deflections 0i and we may 


F, tan 

write - = . — . 


But the fields will be 


i proportional to the currents producing 

; , tan , 

: rnH them, so Hence the 

^ strengths of the two currents may be 

J jT compared. 

y ! From the above it will be seen that 

I at a given 'place the tangent of the angle of 

g — -« deflection is proportional to the current 

\ in the coil, though if the galvanometer is * 

: used in different places the deflection 

^ I produced by a given current will vary 

I owing to the variation of the horizontal 

component of the earth’s field. At a 
fixed place the relation between current 
Fig. 461. deflection may be written 

Current = K tan 6?, 

where K is a constant. This constant is known as the reduction factor 
for the instrument at the given place. It may be determined by 
arranging the galvanometer and a copper voltameter in the same 
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circuit. The actual value of 
the current passed can be cal- 
culated from the increase in 
weight of the cathode of the 
voltameter (see page 509) 
and the corresponding value 
of 6 read from the galvano- 
meter, and then K can be 
calculated. Once K is known 
the actual value* of currents 
passed through the galvano- 
meter can be calculated from 
the observed deflections. 

The tangent galvanometer 
is not much used in labora- 
tories now, but it is still used commercially for testing other instruments. 

Moving Coil Galvanometers. — In these a light coil is suspended 
between the poles of a powerful permanent magnet bent into a circular 
form. It is suspended from a strip of phosphor bronze and connected 
below to a light S 2 )ring. The current to bo measured can be passed 
through it from terminal T^ to Tg by way of the suspension and spring. 
The reaction between the field of the magnet and that of the coil will 
then cause the coil to be rotated. Torsion in the suspension and spring 
oppose this rotation, and as the force due to torsion is proportional to 
the angle of twist, the amount of deflection will be proportional to the 
moment of the forces producing it. The coil may carry a light pointer 
to show the amount of deflection produced. 

If a square coil is set with its plane parallel to the lines of force of a 
magnetic field, Fleming’s left-hand rule 
will show that forces as indicated in 
Fig. 463 act on it when current passes 
through it. That on BC is directed for- 
wards; that on AD towards the back, 
both being at right angles to the plane 
of the coil. These constitute a couple 
of moment F X DC tending to rotate 
4he coil. As it rotates the forces will 
no longer be perpendicular to the plane 




Fig. 463. 
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of the coil and the momeiffc of the couple 
will decrease. 

These conditions obtain in a galvano- 
meter if the poles of the magnet arc straight 
and parallel, as shown in Fig. 464. Hence, 
the more the coil rotates when a given 
current is passed the smaller will be the 
moment of the couple causing the rotation. 

The result of this is that the rotations are not proportional to the 
currents, l>ut, for example, a current of 2 amps, will cause less than 
twice the deflection caused by a current of 1 amj). 

Deflections which ar(»> })roportional to the currents producing them 
are obtained if the i)oles are made concave and a soft iron cylinder is 
mounted at the centre of the coil (Fig. 465). The magnet acts induc- 
tively on this core and, as indicated, a radial field is obtained. Thus 
the plane of the coil will always coincicb* with tluit of the lines of force 
passing through it, and the deflecting cou]>le will have a constant 
moment for any particular value of the current as the coil rotates. 

The scale over which the pointer works may be standaidised by 
placing the galvanometer and a copper voltameter in series while 
(jurrent is passed through them. By means of the voltameter the 
actual strength of the current used can be determined and thus the 
actual current indi(;ated by the galvanometer deflection may be marked 
on the scale. Wlnm this has been done for a number of points on the 
scale the galvanometer becomes an ammeter. If the magnet poles are 
square the scale will not be evenly spaced, but for the reasons already 
given the graduations will be nearer together in the regions registering 

high currents than in those 
marking low ones. The scale 
of a radial field ammeter 
will be equally spaced. 

Moving coil galvanometers 
have displaced moving needle 
instruments because the latter 
are controlled by the earth’s 
field and so give different 
readings for equal currents 
at different places and have 
to be set up with their coils 


SOFT IRON CORE 



COIL BRASS BRACKET 

SECURING CORE 


Fig. 405. 

Method of Obtaihing a Hadial Field. 



Fig. 464. 
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in a ^particular direction. Also 
their readings are much ikffected 
by the fields of any other mag- 
nets which may be near them. 
The field between the poles of a ' 
moving coil galvanometer is so 
powerful that outside fields have 
comparatively negligible effects 
on the movement of the coil. 

r 

Moving Iron Ammeters 

The construct ion of these is 
indicated in Fig. 466. Insideacoil 
and parallel to its axis is a fixed rod of soft iron, Mj. Anothei rod of 
soft iron, Mg, is mounted parallel to this on a pivoted arm, the other 
end of which carries a pointer passing over a scale. When current is 
passed through the coil both iron rods will be magnetised by induction 
by the fi(‘ld set up by the current and will have like poles in contact. 
Hence Mg will be repelled from Mj and the pointer will be moved. 
The stronger the current, the greater will this repulsion be and the 
greater the reading on the scale. 

Moving iron instruments have the advantage of being able to measure 
alternating currents, that is currents which first flow one way and then 
the other. In a moving coil instrument this would tend to fling the 
coil first one way and then the other so that if the alternations were 
rapid it would just quiver without undergoing a definite deflection. 
In a moving iron instrument alternations of current do reverse the 
polarity of the iron rods, but since it is reversed in both rods, like 
poles will still be at neighbouring' ends and the repulsion will persist. 

QUESTIONS ON CHAPTER XLV 

1. Describe, with the aid of clear diagrams, the chief features of 

the tiagnetic fields due to a current flowing in (a) a long straight wire, 
(ft) a large circular wire, (c) a solenoid. [L.U. 

2. Describe two experiments which illustrate the magnetic effect 

produced by an electric current, and point out two practical applica' < 
tions of this effect. [L.U. 

m 

3. Give a diagram and brief explanation of a circuit you would set 
up in order to demonstrate two effects produced by an electric burrent. 



Fig. 466 . Moving Ikon (jALVANOM£T£K. 
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How can you use one of these effects to determine the direction of 
the current ? [L.U. 

‘4. Explain how you would use a magnetised needle to determine 
the direction of flow of a steady current of electricity in a straight wire, 
which must not be disturbed, when the wire is {a) horizontal and 
along the magnetic meridian, (6) vertical. State any rule that you 
would apply in the test, and sketch the arrangement of the lines of 
magnetic force round such a conductor. [L.U. 

5. Describe an experiment to show that a current flowing in a 
wire produces a magnetic fi(dd. Show on a diagram the relation between 
the direction of the current and the direction of the field. 

Describe briefly any instrument which depends for its action on the 
magnetic effect of a current. [L.U. 

6. Describe two experiments you would perform in order to find 
the nature of the magnetic field associated with a current flowing in 
(a) a straight wire, (h) a circular coil, and also the relative directions 
of the fields and the currents. 

Draw a diagram summarising the results you expect to obtain, and 
state a rule which expresses these results. [L.U. 

7. A long straight wire conveys an electric current vertically 
downwards through a hole in a drawing board. Draw a map of the 
lines of magnetic force, marking their direction, which may be obtained 
on the board, and describe how you would experimentally produce 
this diagram. 

Draw a second diagram showing the magnetic field on the board 
when there are two long wires about 5 cm. apart both conveying the 
same current downwards. In this case neglect the effect of the earth’s 
field. [L.U. 

8. A small rectangular coil of copper wire is placed in the magnetic 
meridian with its short sides vertical. A magnetised needle is pivoted 
at the centre of the coil, which is then connected in series with a key 
and a simple cell. 

Sketch the arrangement and explain carefully what you would 
expect to observe in the cell and in the behaviour of the needle when 
the circuit is closed. [L.U. 

9. Describe and explain the action of any instrument with which 

vou are acquainted for measuring or detecting an electric current. 
Give an example of its use. [L.U. 

10. Describe the construction and action of some form of ammeter 
with which you are acquainted. 
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If you were provided with a copper voltameter how would you 
proceed to test the accuracy of the ammeter reading at a parjticular 
point of the scale ? [L.IJ. 

11. Give a careful diagram of an electric bell and explain clearly 
how it works. 

Point out two common causes of failure in a bell circuit. How can 
these defects be remedied ? [L.U. 

12. Describe the construction of an electromagnet. Show on a 

careful diagram the resulting polarity and the arrangement of the 
lines of magnetic force. • 

Give one practical application of an electromagnet. [L.U. 

13. Describe and explain the principles underlying the action of a 

simple telephone receiver. [L.U. 

14. Describe, with aid of a diagram, the construction and mode of 

action of an electric bell State the typo of battery you would use 
with a bell circuit and point out the advantages and disadvantages of 
this battery. [L.U. 

15. With the aid of a diagram describe an electric bell and explain 
its operation. 

Draw a circuit diagram showing the bell circuit of a house in which 
cells are used to supply the current for the bells, there being a push 
in each of two rooms and at 1 door. State the type of cell which 
would be used and give two reasons why it would be chosen. [J.M.B. 

16. Describe how telegraphic signals can be transmitted by a 
Morse sounder system. 

Explain the modifications made in that system for automatic 
recording of the signals, a relay being used. What is the reason for 
using a relay 1 

17. Briefly describe the main principles on which the action of 
moving needle, moving iron, and moving coil galvanometers depend, 
and discuss their relative advantages and disadvantages. 



CHAPTER XLVI 

OHM’S LAW. RESISTANCE 

Ohm’s Law 

DilTerellt potential differences applied to the ends of the same 
conductor will drive different currents through it, and the same 
potential difference applied to different conductors will produce 
different currents. This was investigated by G. S. Ohm in 1827, and 
as a result of his work the following law was established. 
passing t hrough a_!* metallic cond uctor ” at constant temperajme is 
proportional to the potential difference ^pplied_to_its^nd^ In tEat 
statement the term “ metaljic conductor '^includes conductors such as 
carbon which are not chemically affected by currents but excludes 
electrolytes. The law does 
apply to electrolytes under 
suitable conditions but this 
is not always obvious owing 
to polarisation effect.s. 

Illustration of Ohm’s 
Law. — Set up a circuit as 
indicated in Fig. 467. CD 
is a coil of wire. A is an 
ammeter which will indi- 
cate the strength of current 
in the circuit and therefore 
the current through CD. V is a voltmeter which measures potential 
differences and so will give the potential difference between C and D. 
In series with CD is a variable resistance by means of which the 
current can be varied. 

Commence with a large resistance, close the circuit and take readings 
of both A and V. Reduce the resistance a little and both readings will 
rise. Note their new values. Proceed in this way until a number of 
sets of . readings have been obtained. Tabulate your results in 
the fotm: 


READING TO 
15 AMPERES 


-aAa/V I pWvAAAr^ 


READING TO V5 VOLTS 
Fig. 467. 
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Voltmeter Reading = 
P.D. BETWEEN C AND D 


Ammeter Reading = 
Current through CD 


P.D. be tw een C and D 
Current through CD 


An approximately constant value should be obtained for the ratio in 
the last column. This result agrees with the law. 

The method should not be stated to be a verification of the law, 
for as will be shown later the voltmeter is graduated on the assumption 
that Ohm’s Law does apply. Verification can be obtained by using 
instruments designed to measure potential differences and based on 
electrostatic principles not involving Ohm’s Law. These instruments 
are beyond the scope of this book. 


Reliance 

Ohm’s Law as applied to the current in any particular conductor 
may be expressed by the equation 

Potential Difference 
Current 


R being a constant for the given conductor. This constant is termed 
the resistance of the conductor. From the form of the equation it is 
clear that when R is big the conductor requires a large potential 
difference to be applied to its ends to send a unit of current through it. 
Hence R may be said to indicate the resistance which the conductor 
offers to the passage of current through it. 

If the potential difference is measured in volts and the current in 
amperes, the resistance is said to be given in ohms by the ratio in the 
above equation. 


Volts 

Amps. 


Ohms. 


Hence an ohm may be defined as the resistance of a conductor which 
requires a potential difference of one volt to be applied to its ends to 
send a current of one ampere through it. The Board of Trade define 
the ohm as the resistance of a column of mercury, at the temperature of 
n\flting ice, 14;4521 grm. in mass, of constant cross-sectional area, and 
of length 106*3 cm. This is a practical definition which merely describes 
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a conductor which has been found to have a resistance of 1 ohm and 
which can be set up at any time for comparison with other resistances. 
* The general relation for a conductor 


Potential difference 
Current 


= Resistance 


may also be written Pot. diff. = Current X Resistance or — A- — ~ 

Resistance 

= Current. Thus a potential difference of 10 volts applied to a con- 
ductor of 5^ohms resistance will send through it a current of amps. 
= 2 amps., and when a current of 3 amps, is flowing through a conductor 
of 4- ohms resistance, a potential difference of 4 X 3 volts = 12 volts 
must exist between its ends. 


Factors *on which Resistance Depends 

The experiment described on page 553 may be regarded as an 
experiment to find the resistance of the coil since Pot. diff. /Current 
= Resistance. In this way compare the resistances of (a) wires of the 
same substance and thickness but of different lengths, (6) wires of same 
substance and lengths but different thicknesses, (c) wires of the same 
f length and thickness but of different substances. 

Your results should indicate (1) That the resistance of a wire is 
proportional to its length. (2) It is inversely proportional to the cross- 
sectional area. (3) It depends on the substance of the wire. From 


this it follows that the fraction 


Resistance X Cross-sectional area 


for 


Length 

any conductor, that is, the resistance of 1 cm. of a conductor of 1 sq. cm. 
cross-sectional area is a number which depends on the substance. It 
is called the specific resistance or re.sistivity of the substance. 

ExAMrLii:. — A copper wire 100 cm. long and 2 sq. mm. in cross- section' 
passed a current of 0*2 amj). when a potential difference of 2 millivolts 
was applied to its ends. What is the specific resistance of copper ? 

•002 

Resistance of wire = = -Ol ohms: 

•2 

•01 X *02 

Specific resistance = — - - = *000002 ohms per cm. cube. 


Since a conductor with small resistance will readily allow large 
currents to pass through it, the reciprocal of the resistance of a con- 
ductor k termed its conductivity, and the reciprocal of the specific 
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resistance of a substance is its specific conductiTity. Conductivity is 
said to be measured in reciprocal ohms or mhos. Thus the conductivity 

of the wire mentioned in the last example would be mbos = 100 

mhos, and the specific conductivity of copper would be — 

•000002 

600,000 mhos per cm. cube. 


Resistance and Temperature. — ^Usually the resistance of a 
conductor rises as its temperature rises. The passage of a current 
itself heats a wire, so in experiments where resistances are being 
measured current should never be passed for a long time but a key 
should be used and the current allowed to pass only for a sufficient 
length of time for instruments to be read. 


Equivalent Resistance 

If a number of conductors are joined together the whole system 
will offer a certain resistance to current. We can imagine one conductor 
being substituted for the system and offering the same resistance. 
The resistance which that conductor would have is said to be the 
equivalent resistance of the system. 

Conductors in Series. — When a number of conductors are joined 
end to end so that the current has to pass through each in turn, they 
are said to be joined in series. Thus the resistance coil P, the lamp L, 
and the ammeter A in Fig. 468 are joined in series. 

Connecting conductors in series is equivalent to lengthening the 
conductor, so each conductor added to the series adds to its resistance. 
The current has to overcome the resistance of each conductor in turn 
and so the equivalent resistance of the system is the sum of the separate 
resistances. In the case shown the equivalent resistance would be 
50 + 100 + 5 ohms == 155 ohms. The result may be put in the 


100 ohm3 



Fio. 468. 
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p 50 ohms 



general form R = r ^ -f rg + ^31 etc., where R is the equivalent resistance 
and rj, rg, r^, etc., are the separate resistances of the conductors. 


A more formal proof is as follows -Suppose the equivalent resistance of the 
system in Fig. 468 is R ohms, and that a current of 2 amps, is flowing from X to Y. 
Then, since Pot. diff. :r- Current X Resistance, 

P.D. between X and Y — 2 R volts. 

Also, P.D. between X and O = 2 X 50 volts 
P.D. between 0 and M = 2 X 100 volts 
P.D. between M and Y = 2 X 5 volts; 

2R = (2 X 50) + (2 X 100) + (2 X 5) = 2 (50 + 100 + 5 ); 

• R = 50 -f 100 + 5. 

If 60, 100, and 6 arc replaced by r^, fj, we obtain 
R = rj + + r,. 

Conductors in Parallel. — When a number of conductors join 
the same two points, so that current passing between those points 
divides itself between then, as in Fig. 469, they are said to be in parallel. 

Connecting conductors in parallel is equivalent to increasing the 
cross-section of the conductor, and so each conductor added decreases 
the equivalent resistance. The relation in this case is that the sum of 
the reciprocals of the separate resistances equals the reciprocal of the" 
equivalent resistance which may be put in symbols 


Proof. 
X and Y. 


1 

R 


= — 1- — I — , etc. 


Suppose in Fig. XY, there is a potential difference of 10 volts between 
Then. Current through P = ^ amp. 

Current through L = amp. 

Current through A = ^ amp.; 
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/. Total current from X to Y = + yVV + ¥ = (sS + TUTy + 4) “-^p. 

If the equivalent resistance between X and Y is R ohms, current from X to 
Y = 10/R amps.; 

10/R * 10 + 4). 1/R = sV + ik + 4- 

Putting fj, fg, r, for 50, 100, 5, wc obtain 



Examples. — (1) Fhid the current between X and Y (Fig. 468) when 
a potential difference of 30 volts is applied. 

Equivalent resistance = 50 + 100 + 5 ohms; 

Current = amp. = 1-94 amps. 

(2) Find the equivalent resistance between X and Y (Fig. 469). Also 
find the P.D between X and Y and the current through each conductor 
when the total current is 3 amps. 

Let equiv. resistance = R ohms. Then:— 

1_1 1 1_2 + 1 + 20_23. 

R 50 “^i00“^5 100 100* 

R = -W- == 4:-35. 

Equiv. resistance = 4-35 ohms. 

If total current is 3 amps., 

P.D. between X and Y = 3 X 4*35 = 13*05 volts; 

/. Current through P = = ‘261 amp. 


Current through L = 
Current through A = 


13*05 

100 

13*05 

5 


amp. = *1305 amp. 
amps. = 2*61 amps. 


[Check. -261 + *1305 + 2*61 = 3*0015 =« 3 (approx.). The sum of the 
separate currents should be equal to the total current. This is not quite the case 
in the above as the answers* have been approximated and are not exact.] 


Variable Resistances 

A common type of variable resistance, shown in Fig. 470, consists 
of a coil of wire wound on an insulating former. The turns of the 
wire are either spaced out or insulated from one another. The current 
passes in at one end of the coil and out through a terminal Which can 
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slide along a bar and make contact at various points along the coil. 
Thus, only the resistance between the end where the current enters 
and the sliding contact has any effect on the current passing. 


SUDING 

CONTTACT 



Fig. 470. 


Another common type consists of a number of flat carbon blocks 
between two motal plates fitted with terminals. A screw passing 
through the framework holding the blocks can be made to press the 
blocks tightly together or allow them to lie loosely in the frame. When 
they are loose they make contact with one another at a few points only 
and so have a high resistance. Tightening the screw improves the 
^ contact and so reduces the resistance. 

Lamp resistances are frequently used in establishments where 
accumulator charging, etc., is carried on. These consist of a number 
of lamp sockets arranged in parallel (Fig. 471). Suppose a number of 
lamps, each of 100 ohms resistance, are available. If one is inserted 
in a socket current can only pass through that one branch and the 
resistance between A and B is 
100 ohms. If now another lamp is 
inserted there are two conductors in 
parallel between A and B, each of 
100 ohms, and calculation as on 
page 558 will show the equivalent 
resistance to be ohms. Similarly 
with three lamps the resistance 
will be ohms, and so on. 

Current regulators of the above 
, types are often called rheostats. 

The resistance box is a variable resistance which enables standard 
known resistances to be added to a circuit. It contains a number of 
* coils of known resistance connected in series by thick brass bars fixed 


LAMP 

SOCKETS 



Fig. 471. 
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on the insulating ebonite lid 
of the box. Metal plugs can 
be fitted in the gaps be- 
tween these bars. The bars 
are thick so that their resist- 
ance is negligible. When a 
plug is removed current 
passing along the bars 
has to pass through the 
corresponding coil. Thus the 
resistance of that coil is 
added to the circuit. If two 
plugs are removed the current will have to pass through the two 
corresponding coils in series, and so the sum of their resistances is 
added to the circuit. The coils in order usually have resistances of 
1, 2, 2, 5, 10, 20, 20, 50, etc., ohms. Thus, by withdrawing suitable 
plugs, any number of ohms resistance, up to the total for the box, 
can be made up. 

The method of winding the coils shown in Fig. 472 should be noted. 
It ensures that at any point along the coil there are two neighbouring 
portions of current travelling in opposite directions. These will 
neutralise one another’s magnetic effects so that no appreciable magnetic 
field is set up by the coil and effects due to self-induction — see Chapter 
XL VIII, — are avoided. Such winding is said to be non-inductive. 

Shunts 

It is sometimes necessary to arrange that only a portion of the 
current in a circuit shall pass through some instrument. The placing 
of a suitable resistance in 
parallel with the instru- 
ment secures this. A 
resistance so used is termed 
a shunt. Any desired frac- 
tion of the current may be 
made to pass through the 
instrument by choosing the 
^shunt so that its resistance 
be^ the proper ratio to 




Fig. 472. 

Non-Inductive Coils in a Resistance Box. 
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that of the instrument. For instance', suppose that Fig. 473 represents 
a portion of a circuit in which a current of 10 amps, is passing, and it 
is desired that only 1 amp. shall pass through A which has a resist- 
ance of 2 ohms. Then 9 amps, must pass through the shunt, S. 

When 1 amp. passes through A the potential difference between 
X and Y must be 2 X 1 volts. Therefore, if 9 amps, are passing 
through S, the resistance of S must be ohms. 

The range over which an ammeter will give readings is adjusted by 
fixing a suitable shunt in parallel with it. Suppose A, in Fig. 473, is 
an ammeter which gives a full scale deflection, that is the needle 
travels to the end of the scale, when a current of 15 milliamps (*015 
amp.) passes through it and it is required to use it for measuring 
currents up to 15 amps. Also suppose its resistance to be 5 ohms. 
Then the shunt S must luive such a resistance that, when 15 amps, is 
travelling s round the main circuit, *015 amp. will pass through A and 
14*985 amps, through S. 

With *015 amp. passing through A, we have that the P.D. between 
X and Y = 5 X *015 volts = *075 volt. 

Hence for 1 4*985 amps, to pass through 8 it follows that the resist- 
ance of S must be: — 

< = *005005 ohms. 

14*985 

It will be seen from this example that the shunt will have a low 
resistance and the shunt and ammeter together will have a still lower 
one. An ammeter should have a low resistance or a considerable 
amount of the electrical energy supplied to the circuit will be used up 
in driving current through it instead of performing work in other 
parts of the circuit. 

The proper shunt to give the range marked on the scale is usuallj^ 
incorporated in an ammeter. Sometimes additional shunts known as 
multipliers are provided separately so that the same instrument can be 
used for various ranges of current as desired. 

Voltmeters 

By connecting a suitable resistance in series with a galvanometer 
it may adapted to measure potential differences and so become a 
voltmeter. 
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Suppose the galvano- 
meter, G, in Fig. 474, gives 
a full scale deflection when 
10 milliamps pass through 
it, and it is desired to use 

c amps ^ 5 ^ Y voltmeter to measure 

Fig. 474. potential differences up to 

5 volts. A resistance R 
must be connected in series with it and must be of sueh a magnitude 
that, when the terminals of the complete instrument are connected to 
points X and Y between which there is a potential difference of 5 volts, 
a current of *01 amp. will pass through it. 

With P.D. = 5 volts across its terminals, 


n ohms 


5 ohms 



01 amps 


(c - -oi): 


amps 


Current through RG = 


_5 

ir+'5 


amps. ; 


5 

R + 5 


= • 01 ; 


/. •01R + -05 = 5; /. •01R = 4*95; R = 495. 

So the required resistance is 495 ohms. 

It will be noticed that the resistance in a voltmeter is high. This 
is an advantage since it means that only a small fraction of the total 
current will pass through it and therefore the current in the part of 
the circuit across which it is connected will be approximately the 
same as that in the rest of the circuit. 


Ohm’s Law for a Complete Circuit 

When a conductor is connected across the terminals of a cell, the 
E.M.F. of the cell is used in driving current around the circuit. But 
Hhe cell itself has an internal resistance and part of the E.M.F. is 
required to drive the current against that resistance so that only a 
portion is available as a poten- 
tial difference to drive the 
current round the external 
circuit. 

« In Fig. 475, E represents a 
battery with B.M.F. of 2 volts 

and an internal resistance Fio. 475, 


2 volts , 
2 5 ohms 


I 


.1.0 ohms 
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of 2*5 ohms to which a conductor of resistance 10 ohms has been 
connected. 

Total resistance of circuit = 10 + 2*5 ohms; 

2 

- Current flowing = amps. ; 

12*0 


2 X 10 

P.D. driving current through external circuit = =1*6 volts. 

i2'0 


• . 2 X 2*5 , 

P.D. driving current through cell = - -- =4 volt. 

12*0 


Since a voltmeter only measures the potential difference which is 
driving current through itself, it will not give an accurate measurement 
of the E.M.F. of a cell. For example, if a voltmeter of resistance 
500 ohms is connected to the poles of the above cell, 

Total resistance of circuit = 502*5 ohms; 


I 


Current amp.; 


2 X 500 

P.D. through voltmeter = = 1*992 volts. 

o02*o 


This would be the reading given by the voltmeter. 

From the calculation it may be seen that the voltmeter reading 
will be very little less than the E.M.F. of the cell if the voltmeter has 
a resistance which is very high compared with the internal resistance 
of the cell. 


Arrangement of Cells 

The values of both internal and external resistance must be taken 
into account in deciding whether a series or parallel arrangement of 
cells will give the larger current. Consider the following examples. 

^ Examples. — (1) Three cells each of E.M.F, 2 volts and internal 
resistance 2*5 ohms are taken. Find the current they will send through a 
cmductor of 100 ohms resistance (a) when connected in series^ (6) when 
connected in parallel. 
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(a) In series. Total resistance = 100 + 2*5 + 2-5 + 2-5 


= 107-5 ohms. 

E.M.F. of battery = 2“t-2 + 2 = 6 volts; 

/. Current == = ’0558 amp. 

(b) In parallel. Let R ohms bo equivalent resistance of battery. 


R 2*5 2*5 2*5 2*5* 3 * 

Total resistance of circuit = 100 + ^ ^ - ohms. 

3 rJ 

E.M.F. of battery = 2 volts; 

Current = ^ -0132 amp. 


2 V 2 V 2 V 



(2) fVkat would be the currents in the above examples if the external 
resistance were *01 oJm ? 

(а) In series. Total resistance = *01 + 2*5 + 2*5 + 2*5 

•= 7*51 ohms. 

E.M.F. of battery = 6 volts; 

g 

Current = == *799 amp. 

2*5 2*53 

(б) In parallel. Total resistance = — + *01 = -g- ohms. 

E.M.F. of battery = 2 volts; 
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Comparison of the two examples will show that the larger current 
is given by the series arrangement when external resistance is large 
compared with internal resistance, and the parallel arrangement 
gives the larger current when the external resistance is small compared 
Vith internal resistance. 

Measurement of Resistance 

(a) By Ammeter and Voltmeter. — The method of page 553 will 
give fairly good results for 
the resistance of a con 
ductor provided that tiie 
resistance of the voltmeter 
is high compared with that 
of CD. If this is not the 
case a considerable fraction 
of the current measured by 
the ammeter will pass 
through the voltmeter and 
the ammeter reading will 
^ not be an accurate measure- 
ment of the current through 
CD. 

(h) By Substitution. — 

Set up the circuit shown in 
Fig. 478. X is the con- 
ductor whose resistance is 
to be determined, R a 
variable resistance, and G 
a galvanometer. The two- 
way switch enables the 
circuit to be completed either through X or through the resistance box. 

Set the switch so that the current passes through X and not through 
the resistance box. Adjust R so that a readable deflection of the 
galvanometer is obtained. 

Change over the switch so that the current passes through the 
resistance box instead of through X. Without altering R again, take 
plugs out of the box until the galvanometer gives the same reading as 
before. * This means that the same current will now flow round the 



^vyw 



Fig. 478. 
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circuit whether X or the resist- 
ance box is included. Hence X 
must have a resistance equal* to 
the sum of the resistances taken 
from the box. 

This gives only a very rough 
measurement since X can 
seldom be exactly matched by 
the resistances available in 
the box. 


(c) By the Wheatstone Bridge.— The arrangement of conductors 
shown in Fig. 479 is known as the Wheatstone bridge circuit. If the 


four resistances rg, r^, have relative values such that ~ no 

»*2 U 

current will pass through CD. Conversely, if we find that no current 
is passing through CD, as shown by there being no deflection in the 
galvanometer G, we know that the above relation holds between the 
four resistances. Hence if the values of three of them are known the 
fourth can be calculated. Actually it is not necessary, for the values 
of rg and to be known so long as their ratio is known. For example, 
suppose fg is 5 ohms and the ratio of to when the circuit is balanced 


is 4 : 3. Then since ^ /. 

rg u o 3’ 

Therefore the resistance of is 6*67 ohms. 



Proof of Formula. If no current passes through G, C and D must be at the same 
potential and the current through r, must equal that through r^, whilst that 
‘through must equal that through r^. 

At A suppose the current to split into parts flowing in r, and Cj flowing in r,. 

‘ Then the difference of potential between A and C = c^r^, and t^t between A 
and D » Ctf,. 

But C and D have the same potential; 

Cin = (1) 

Also difference of potential between C and B = c^r,, and that between D 
and B = Cgr,; 

CjTg = C2r4 (2^ 


Dividing (1) by (2) 


_ fiat's, 
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The metro bridge shown in Fig. 480 is an arrangement for measuring 
resistances using the WJicatstonc Bridge relation. AB is a uniform 
wire 1 metre long with a metre scale alongside it. The conductor 
whose resistance is to be measured is while r 2 is a standard conductor 
of known resistance. The shaded portions arc thick brass or copper 
bars of negligible resistance, G is a sensitive galvanometer to which 
is connected a movable contact, D, which can slide along AB. An 
accumulator is connected to the ends of AB. The whole then forms a 
Wheatstone bridge circuit, the points in Fig. 480 corresponding with 
those marked with the same letters in Fig. 479. D is made to slide 
along AB until a point is found such that the needle of G gives no 
kick when contact is made, and the lengths AD and DB are read from 
the scale. Since the galvanometer shows that no current is passing 

along CD, . 

^2 ^4 


Also, since the 


wrirA A 


Length AD 
Length DB ’ 


AD _ AD 

DB’ 


All three quantities on the right are known, so may be calculated. 

As the wire may not be quite uniform, it is best to take another 
reading with and interchanged and take the average of the two 
values obtained. 


^Measurement of E.M.r.’s of Cells 

(1) B.y Voltmeter. — It has already been explained that an approxi- 
mate Value is given by direct reading of a voltmeter if it has a very 
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high resistance compared with that of the cell. 
The following method will give both a measure- 
ment of the E.M.F. and the internal resistance 
of the cell. 

To the poles of the cell connect a voltmeter 
with a very high resistance. Also connect the 
poles to a standard resistance of, say, 10 ohms. 
Note the reading of the voltmeter. Sinc^e the 
current passing through the voltT.ioter will be 
negligible, its reading will give the* potential 
difference driving cinrent through the 10 ohm resistance. 

Replace the 10 ohm resistance by one of 15 ohms and read the 
voltmeter again. Suppose the voltmeter reading in the first case was 
1*6 volts and in the second case 1*8 volts. 

Then current in Ist case = ^ amps. = *16 amp., and current in 

1*8 



2nd case = • amps. = *12 amp. 

It) 


Now su])pose the E.M.F. of the cell is E volts and its internal 
resistance is r ohms. 

In the first case total resistance = 10 -f r ohms ; 


Current = ^ amps. 

10 + r 

= -16, i.e. E = 1-6 + -ler, .(1) 

10 + r 

Similarly in second case 

— ^ = -12, i.e. E = 1-8 + -lar (2) 

15 +r 


/. 1-6 + -Ifir = 1-8 + •12r (each =* B); 


-2; f = 5. 

By substitution in (1) 

• E = 1*6 + (-16 X 5) = 1*6 + -8 = 2*4; 

The E.M.F. of the cell is 2-4 volts and its internal resistance is 

'5 ohm. 
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(2) By Potentio- 
meter. — This is a more 
acQurate method of 
measuring E.M.F.’s. The 
(S^potentiometer consists of 
a long uniform wire 
mounted on a board with 
a scale l)y which lengths 
of the wire can be 
measured. "Its ends are 
connected by thick leads of negligible resistance to the poles of an 
accumulator, a key being included in the (*.ircuit. AVhen the key 
is dej)ross(‘,d current will flow through the wire and the potential 
difference between its ends will be. equal to that between the poles 
of the accumulator, say 2 volts. As the wire is uniform, the 
potential fall along it will be uniform, so that the potential fall from 
A to P, the mid-point of the wire, will be J of 2 volts, and 
AR 

that from A to R will be - ' x 2 volts. Even if the actual potential 
AB 

i difference between A and h is not known we can say 
P.D, between A and Q Length .AQ 
• P.i). between A and R Length AR 

If now we connect a galvanometer G to A and Q the potential 
difference between A and Q will tend to drive current from A to Q 
through G. If in this second circuit we insert a Daniell cell with its 
'positive pole connected to A — note that the positive pole of the accumu- 
lator was also connected to A — ^it will tend to drive current in the 
direction QGA. Thus the cell and the P.D. between A and Q are tending 
to drive currents in opposite directions through G, and if the P.D. 
between A and Q is equal to the E.M.F. of the cell, no current will 
pass through G w^hich will therefore give no deflection. 

The method of using the potentiometer then is to set up the circuit 
as shown, C being a sliding contact. K is closed and C brought into 
contact with AB. If the needle of G gives a kick C is moved and the 
process repeated until the point Q is found such that the needle gives 
'’ab kick when contact is made. Hence no current passes through G, 
and as shown above, 

« ’ E.M.F. of Daniell cell = P.D. between A and Q. 


ACCUMULATOR 



1 — 1 

P Q R 




DANIELL CELL 

(OR OTHER CELL UNDER TEST) 


Fiq. 482. 
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Suppose now a Leclanche cell is substituted for the Daniell cell, and 
C has to be moved to R for no current to pass through G. Then: — 

E.M.F. of Leclanche cell = P.D. between A and R; 

E.M.F. of Leclanche cell _ P.D. between A and R ^ Length AR 
E.M.F. of Daniell ceil P.D. between A and Q Length AQ’ 

Hence the ratio of the E.M.F.’s of the two cells is found, and if that of 
one of them is known, the other can be calculated. 

Example. — A standard cadmium cell of E.M.F. LOIS volts gave no 
current when C was 30*5 cm. from A. For a Ijcclanche cell C had to he 
45'7 cm. from A. What is the E.M.F. of the Leclanche cell ? 

E.M.F. of Leclanche cell _ 45-7 ^ 
i-018 volts “ 30^* 

45*7 

/, E.M.F. of Leclanche cell = ^ X 1-018 = 1-52 volts. 

This method gives a true measurement of E.M.F. because the cell 
is not giving any current when the measurement is taken, and hence 
the P.D. between its poles is the same as its E.M.F. ^ 

The accumulator should not be allowed to run current continuously 
through AB as that would heat the wire and alter its resistance ^nd so 
affect the potential drop along it. The key should be opened every 
time C is moved. 


QUESTIONS ON CHAPTER XLVI 

1. State Ohm's Law. 

• It is required to test the value of a resistance coil marked 5 ohms 
(2 amps.). Describe briefly how you would conduct the necessary 
^st in the laboratory. Can you suggest a reason why the value 2 
amps, is specified ? [L.U. 

2. A uniform wire of resistance 2 ohms is bent into the form of a 
square, the free ends of the wire being joined. Calculate the resistance 
the wire would have if measured between opposite corners of the square. 

« Draw a diagram showing how you would use a metre bridge to^ 
measure this resistance practically, and indicate how the value of the 
resistance of the arrangement would be deduced from your. observa- 
tions. * [B.U. 
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3. A metal wire oF length 1 metre and uniform diameter has n 
resistance of 1*05 ohms; calculate the resistacce of a coil made from 
wire of the same material 50 metres long but having twice the diameter. 

Describe an experimental method of measuring the resistance of 
such a coil. [L.U. 

4. You are provided with two fixed resistances of values 2 ohms 
and 4 ohms. By moans of diagrams show the number of ways they 
can be introduced into a circuit, cither singly or together, to vary the 
current. State the value of the resistance introduced into the circuit 
in each insft-ance. 

Draw a circuit diagram showing a battery of two colls in parallel 
being used to pass a current through a heating coil and include an 
ammeter to measure the current and a voltmeter to measure the 
potential drop in the coil. 

What is the chief difference between the construction of an ammeter 
and a voltmeter ? [L.U. 

5. What factors determine (a) the electromotive force, (b) the 
resistance, of a voltaic cell ? 

Describe a method for comparing the electromotive force of two 
♦ cells. [L.U. 

6. Explain the use of a galvanometer shunt. 

A'galvanometer of 250 ohms resistance, a cell of electromotive force 
1'4 volts and internal resistance 2 ohms, and a coil of resistance 70 
ohms are connected in series. Calculate the current through the 
galvanometer. If the galvanometer is now shunted through a coil of 
resistance 10 ohms, what current passes through the galvanometer? 

[L.U. 

7. Describe the construction and action of the Leclanche cell, 
pointing out its advantages and disadvantages. 

Explain why in certain circuits it is better to use two such cells in 
parallel than in series to obtain an increase of current. 

What kind of circuit would this apply to ? [L.U. 

8. Explain how a sensitive galvanometer can be modified for use 
as (a) an ammeter, (b) a voltmeter. 

A galvanometer has a resistance of 5 ohms and a full scale defloction 
is produced by 15 milliamps. Calculate what resistance must be used 
. with it to enable it to read (a) 1-5 amps., (h) 1*5 volts. State how the 
resistahee must be connected in each case. [L.U. 
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9. It is required to send a current of 0*75 amp. through a resistance 

coil of 3 ohms. Each of the cells used in the battery has an E.M.F. 
of 1*5 volts and a resistance of 1 ohm. Show that 3 cells are required 
and that they must be fitted in series. [L.U. 

10. Two resistances R^ and R 2 are arranged in parallel; find an 
expression for their equivalent resistance. 

A resistance of 500 ohms forms part of a circuit in which the current 
is 0-00001 ampere. If the current in the circuit is increased to 1 
milliampcre (= 0-001 ampere) what resistance must be placed in parallel 
with the 500 ohms, so that the current through this remains at its 
previous value. [L.U. 

11. Describe, with the aid of a diagram, the construction dther of 
a Loclanche cell or of a Daniell cell. Name me advantage which emh 
of the cells has over t he other. 

How would you compare their electromotive forces, using a poten- 
tiometer ? Give a clear diagram of the connexions. [J.M.B. 

12. Describe the construction of some form of moving coil galvano- 
meter, and illustrate your answer with a diagram. Explain why the 
coil turns when a current is passed through it and why it returns to its 
original position when the current is switched off. 

What attachments must be fitted to a sensitive galvanometer to 
convert it into an instrument suitable for use as {a) an ammeter, 
(6) a voltmeter ? Draw diagrams to show how these attachments 
should be connected. [J.M.B. 



CHAPTER XLVII 

THE HEATING EFFECT. ELECTRICAL ENERGY 

The widespread domestic use of electricity for heating purposes and 
its industrial use for driving machines and doing mechanical work makes 
the relation between electrical and other forms of energy a matter of 
importance. 

Units . 

Roleronce has been made to the joulei which equals 10^ ergs, as a 
unit of work or energy frequently used in connexion with electrical 
measurements, and the volt has been defined as the potential difference 
between two points when one joule of work is required to transfer a 
coulomb of positive electricity from the point of lower to the point of 
higher potential. It follows that when a coulomb of positive electricity 
flows through a potential drop of one volt, one joule of energy is liberated 
and that x coulombs falling through y volts will liberate xy joules of 
energy. Thus for any flow of electricity we have the relation 

Energy liberated — Quantity x Potential fall. 

( joules) (coulombs) (volts) 

This may be put in symbols, 

E = QV (1) 

where E is energy, Q is quantity of electricity transferred, and V is 
potential fall. This equation will apply to a whole circuit or to any 
particular conductor in that circuit. 

Since coulombs = amperes x seconds, the relation may also b'b 
written 

Energy = Current x Potential fall x Seconds, 

G i.e. E = CYt (2) 

Further, for any particular conductor, potential fall = current 
X resistance, which may be written V = CR. Substituting this in 
we obtain ^ " i \ 

573 ' 1 ^, ^ 


equation (2) 
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Power was defined in Chapter VII. as rate at which work is done. 
When one joule of work is performed in one second a power of one 
watt is said to be developed. From equations (2) and (3), the number 
of joules liberated per second in any conductor carrying current is 
equal to CV or C*R. Hence we may write: — 

Power (watts) = CV = C*R. 

The first form of this statement may be memorised as 
Watts = Amperes x Volts. 

It can be shown that approximately 746 watts are equal to one 
horse-power, so that the watt is a somewhat small unit of power, and 
powers are often measured in kilowatts (]000 watts). A unit for 
measuring large quantities of energy is the kilowatt-hour, that is the 
energy supplied in one hour by a power of one kilowatt. Since working 
at one kilowatt means supplying 1000 joules per second, a kilowatt- 
hour is equal to 1000 X 60 X 60 joules. 

The kilowatt-hour is the unit recognised by the Board of Trade in 
connexion with electricity supply. It is these units which are measured 
by the electric meters in our houses and for which the electricity 
companies are paid. They are sometimes referred to as Board of 
Trade Units (B.T.U.). 

If electric lamps are examined they will be found to be marked with 
a rating in watts and a rating in volts. For example, the marking 
100 W.,. 220 V. would mean that the lamp is intended to be used in a 
circuit which will apply a potential difference of 220 volts to it, and it 
will then consume electrical energy at the rate of 100 watts. 


Examples. — (1) Find (a) the current which passes through the above 
lamp when the proper voltage is applied to it and (h) its resistance. Find 
the current which wiU flow through it and the power at which it will 
work when a potential difference of 100 volts is applied to it. 


Watts = Volts X Amps.; 


Amps. = 


Watts 
Volts * 


.*. Current = = -455 amp.; 

220 

. Resistance = = 483*5 ohms. 

•455 
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If a P.D. of 100 volts is applied, 

Current = = *207 amp.t 

Power = '207 X 100 = 20-7 watts. 

(2) Find the cost of lighting the above lamp for 10 hours at its propei 
voUage, supply being charged for at iSd. per unit 

Power = 100 watts = kilowatts ; 

^Energy supplied = X 10 = 1 kilowatt-hour; 

/. Charge = 6d. 

Most domestic electrical appliances, vacuum cleaners, heaters, etc., 
are similarly marked witk watt, and volt ratings and similar calculations 
may be* made concerning them. 

Electrical Energy and Heat « 

Unless it is made to do chemical work or mechanical work by 
being passed through a voltameter or a motor, most of the energy 
supplied to an electrical circuit is converted into heat which raises the 
temperature of the conductors and their surroundings. 

In Chapter XXII. it was shown that the mechanical equivalent of 
heat ii^ 4*18 X 10^ ergs per calorie. This is the same as 4*18 joules per 
calorie. Hence, when all the electrical energy is converted into heat, 
we may write from the equation on page 555 : — 

Heat developed (calories) = — - calories. 

4*lo 4*18 4*18 

From the last form of the expression it is clear that the heat developed 
is proportional to the square of the current and to the resistance of the 
conductor. 

The relation between heat and current may be investigated as* 
follows. Connect a small immersion heater, an ammeter, and a variable 
resistance in series. Allow the heater to dip into a measured quantity 
of water in a shielded calorimeter. Pass a small current for a given 
time, say 3 minutes, keeping the water stirred. Note the value of 
Jhe current from the ammeter and the rise in temperature of the water 
from a thermometer dipping into it. Repeat a number of times 
varying the current by means of the variable resistance always starting 
with the same quantity of water at room temperature and heating for 
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the same length of time. The quantity of heat developed each time 
can, of course, be calculated from the mass of water and its rise in 
temperature. Tabulate results as follows: — 


Heat Developed 

Current 

(Current)^ 

(Current)^ 
Heat Developed 






A constant should be obtained in the last column. 


It follows from the above that any considerable increase in the 
current passing through a conductor very greatly increases the rate at 
which heat is developed in it. Thus, if the current is increased to 10 
times its former value heat is generated 100 times as fast as before. 
This may be dangerous. If through breaking down of insulation some 
part of a circuit becomes short-circuited so that the current does not 
have to pass through a considerable part of it, the current will suddenly 
increase because of reduced resistance and the heat developed in the 
remaining part of the circuit may be so great that the wires melt and ' 
the molten metal may start a dangerous fire. 

For this reason fuses are usually inserted in circuits. These are 
thin wires made of metal with a low melting point. Their thickness is 
such that when current in excess of the safe current for the circuit 
passes through them sufficient heat will be produced in them to bring 
them to their melting point. They then fuse and the circuit is broken. 
The fuses are enclosed in porcelain cases which are themselves enclosed 
in an iron box so that the molten metal can do no damage. 

Lamps and Heaters 

o An electric lamp contains a conducting filament which is raised to 
a high temperature by the current passing through it, and so is made 
to glow and give out light. The higher the temperature to which the 
filament is raised the whiter is the light it gives out. If, however, the 
filament temperature is raised too high it tends to give off vapour 
which condenses on the inner surface of the bulb and darkens it. 

•Since the filament would be liable to oxidise at its high temperature 
the bulb is either evacuated or filled with some such in£|,ctive gas , 
as argon. 
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As the energy liberated in a conductor by a given current is 
proportional to its resistance, the filament should have a high resistance 
and tlie leads to it should be of low resistance. The leads therefore 
are made of stout, good conducting copper. This ensures that most 
of the energy of the circuit is liberated in the lamp. 

The original filament lamps had carbon filaments in vacuum. 
They could be raised to about 1800° C. and gave a somewhat reddish 
light. Modern lamps have tungsten filaments in argon wliich can be 
heated to about 2500° C. and give a much whiter light. 

Much of the energy liberated in a lamp is dissipated as heat, and 
only a fraction of it is converted into light. For ordinary purposes 
the efficiency of a lamp is said to be measured by its candle-power per 
watt. (Manufacturers now quote efficiencies as the “ light in lumens 
per watt ** : a lamp giving 1 candle-power 
in every direction is giving out in lumens 
of light energy per sec.) Modem lamps 
may give about 1-7 candle-power per 
watt. The old carbon lamps gave about 
J candle-power per watt. 

The efficiency of a lamp will vary 
with the voltage at which it is working. 

This may be shown by connecting a 
lamp in series with a variable resistance, 
an ammeter, and source of current and 
connecting a voltmeter of suitable range 
across its terminals (Fig, 483). Start with a high resistance in the 
circuit, note the voltmeter and ammeter readings, and determine the 
candle-power of the lamp by one of the methods described in 
Chapter XXX. The power at which the lamp is working is given by 
current X voltage across its terminals, and candle-power divided by 
this power gives efficiency. Reduce the resistance and take a fresh 
set of readings and continue until the proper voltage for the lamp is 
reached. 

In electrical heating apparatus again the heating elements must 
have high resistance compared with the leads so that most of the 
energy will be released in them. They must also, in the case of electric 
'^re elements, withstand oxidation at high temperatures as they must 
be exposed to the air. They are usually made, of nickel -chrome alloys 
which po'ssess those properties. 

om PHY, S7 
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Hous^old Circuits 

Fig. 484 shows the type of circuit commonly found in houses. 
The connexions to the mains in most cases nowadays have a potential 
difference of 230 volts. One of them passes through the meter which 
measures the energy consumed in the house. Beyond this is a main 
switch by which current can be cut off from all circuits in the house, 
and just beyond this are main fuses which protect the mains against 
short circuiting in the main leads. From these main leads sets of 
branch leads are taken off, usually one to each floor iu the case of a 
small house. Each of these branch circuits passes through- fuse wires 
immediately after leaving the main leads. 



MAINS 

Fia. 484. 


Lamps, etc., are connected in parallel across these branch leads, 
each having its own switch. Evidently the leads and fuses in a branch 
should be capable of carrying the current which will pass if all the lamps, 
etc., connected with it are turned on at once. Thus, a 100-watt lamp 
on a 230-volt circuit will take a little less than ^ amp. current. If 
t|i^e are 4 such lamps in one branch circuit there may be nearly 
Sj%mps. flowing in that branch when all are turned on. Usually 
ISranch circuits are made capable of carrying 5 amps. The branch 
fuse should be one that will fuse as soon as the current exceeds 
5 amps. 

A “ one unit ” fire, that is one which works at 1 kilowatt, will take ^ 
nearly five amps, from such a circuit. Usually separate branches 
capable of taking 15 amps, are wired for flres, stoves, etc. * . 
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Obviously the main leads and fuses should be capable of taking the 
sum of the maximum currents for all the branch circuits. 

Electric Arc 

Two rods of carbon mounted on insulating stands have stout copper 
wires wrapped round them and connected through a resistance to a 
source of over 40 volts potential difference. The ends of the rods are 
brought into contact so that current passes and are then drawn a little 
apart. The current will continue to pass across the gap and a very 
intense light is emitted. When the rods make contact the large 
resistance due to the few points of contact results in an intense local 
production of heat which causes some vapourisation of the carbon. 
When the rods are separated the current is carried across the gap by 
the vaj^our atoms. (The gaseous atoms in the gap really have electrons 
ejected from them by the intense heat, so that in the gap positive ions 
and electrons are produced: the ions move to the negative carbon 
and the electrons to the positive carbon.) The temperature of the arc 
itself may rise to about 35(X)® C. or 4000° C. : the tip of the positive 
carbon reaches about 3500° C. and of the negative about 2500® C. 

4 In the case of this direct current arc most of the light comes from the 
positive carbon tip. 

Carbon arc lamps were much used for street lighting in the days 
when filament lamps sufficiently robust for such purposes had not been 
invented. They are still used for producing an intense light in optical 
lanterns. 

The main modern use of the arc is arc welding. Arcs can be struck 
between rods of metal as well as between carbon rods. For welding, 
the pieces of metal to be joined are connected to one pole of the source, 
A rod of the metal is connected to the other pole. An arc is struck, 
between the pieces of metal and the rod. The edges of the pieces of 
metal and the end of the rod both melt and thus the joint is filled up* 
with molten metal. 

Discharge Lamps 

At ordinary pressures gases act as insulators, but when rarefied and 
^subjected to high potential differences electric discharges can take 
“prace through them, and under suitable conditions a glow is produced 
in the gas. This is due to the fact that a few free electrons and positive 
* ions form^^d by escape of electrons from' molecules are present in the 
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gas. When a large potential difference is applied to two electrodes in 
a tube containing a rarefied gas, the free electrons will be driven towards 
the anode and the positive ions towards the cathode and will acquire 
very high velocities, and the current is carried through the gas in this 
way. Collisions between the moving charged particles and other 
molecules of the gas tend to eject electrons from the latter, so producing 
more charged particles, and, as a result, once the current has been 
started it can be maintained by a lower potential difference. As the 
number of charged particles becomes greater there will be collisions 
between electrons and positive ions which will combine to foim ordinary 
molecules again. In the ejection of electrons from molecules work is 
done and energy is absorbed. When recombination takes place an 
equivalent quantity of energy is released, some of it* in the form of 
light radiation, and so the gas glows. ‘ 

The type of radiation emitted, and hence the colour of the glow, 
depends on the nature of the gas. The long tubes largely used for 
advertising illumination usually contain neon at low pressures which 
emits a red-orange light. Other shades of colour can be obtained by 
using various coloured glasses for the tubes. Mercury vapour lamps, 
now often used for street lighting, give a blue light and emit much 
ultra-violet radiation. If neon is mixed with the mercury vapour a 
bluish-white light is produced, and if a suitable glass is used for the 
tube much of the ultra-violet radiation is converted to light in the 
visible part of the spectrum and a greenish light results. Sodium 
vapour lamps give out a bright yellow light. 

In recent types of discharge lamps the electrodes are rods or fila- 
ments of metal which are themselves raised to white heat by the 
current. In this condition they eject electrons which by colliding 
.with molecules assist in ionising the gas. Asa result such hot electrode 
lamps will work at lower voltages than cold electrode lamps, and by 
«using a suitable mixture of gases a type of light somewhat deficient in 
red but suitable for general illumination is obtained. The candle- 
power per watt eflSciency of such lamps is two or three times that of a 
gas-filled filament lamp. 


Hofc-Wire Ammeter 

Some ammeters depend on the heating effect of a current. Such 
an i® illustrated in Fig. 485. XY is a fine wire through which 
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the current to be measured passes. To 
its mid-point is attached a silk fibre 
which passes round an axle 0 and is then 
attached to the spring S which keeps it 
taut. When current passes through XY 
the heat developed causes the wire to 
expand. This allows the fibre to be pulled 
a little round 0 which is turned and 
carries round a pointer attached to it. 

This ammeter can be used for alter- 
nating current as the heating effect does 
not depend on the direction of the current. 



QUESTIONS ON CHAPTER XLVII 

1. When a current of electricity passes through a wire its tempera- 
ture is raised. What factors determine (1) the heat developed in the 
wire, (2) the temperature it attains ? 

Discuss the application of this heating effect to (1) a safety fuse 
(2) an electric radiator, [L.U. 

2. Being supplied with an accumulator (storage cell), together with 
some resistance wire and a thermometer, describe how you could 
demonstrate the heating effect of a current. 

How could you modify the experiment if it is required to measure 
the quantity of heat which has been produced ? Upon what factors 
does this quantity of heat depend ? [L.U. 

3. Explain the terms jovle, waU, and kilowatt-hour. 

An electric kettle, which is marked “500 watts, 230 volts,’’ is 
found to take 15 minutes to raise the temperature of 1 kilogramme oC 
water from 15° C. to 100° C. Calculate the percentage of electrical 
.energy which is employed in heating the water. [4-2 joules are 
equivalent to 1 calorie.] [L.U. 

4. Define a unit in which power supplied to an electric circuit may 
be measured. 

Two resistances of 80 and 120 ohms are connected (1) in series, 
(2) in parallel to a direct current supply of 100 volts. Calculate the 
power c^jxpended in each resistance in the two oases. [L.U. 
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5. Explain the action and use of a fuse used in wiring of the electric 
supply of a house. 

A room has three points supplied from the same pair of leads from 
the 200- volts mains. These are used to supply electricity to: (a) a 
2 kilowatt electric fire, (6) a 100 watt lamp, (c) a motor which costs 
2d. per hour to run. 

What current is taken in each of the three cases, and how much 
would it cost to run the whole for 3 hours at 3d. per unit ? What 
would be a suitable fuse to use in the leads supplying the current ? [L.U. 

6. Describe the construction and action of a current, measuring 

instrument which depends upon either the magnetic effect or the 
heating effect of an electric current. [L.U. 

7. State the laws which govern the consumption of energy by an 

electric circuit. In what units is this energy measured ? ' 

An electrical machine, marked 80 V., 300 W., is to be used on a 
120- volt circuit. Describe some form of the additional apparatus 
needed and give a diagram showing how it is connected in the circuit. 
Calculate (a) the resistance of the whole circuit, (6) the power wasted. 

[J.M.B. 

8. A given electric lamp is marked 6 v., 12 w. Explain what this >, 
marking means and dcjscribe how you would use three accumulators 
(each of approximately 2*2 volts E.M.F.), an ammeter, a voltmeter, 
and any other necessary apparatus to check the accuracy of the marking 
of the lamp. 

Two electric kettles A and B, having the same thermal capacity, 
are marked 200 V., 500 W., and 100 V., 500 W. respectively. Calculate 
the resistance of each heating element and the current flowing through 
each kettle when it is connected to the electric mains for which it is 
designed. What comparison is there between the rates at which 
these kettles can heat the same volume of water ? Give reasons for 
your answer. [J.M.B. 

* 9. Describe, with the aid of a diagram, some form of fuse which is 
used in the electric lighting circuit of a house. Explain why it is 
inserted and why a fuse wire must not be replaced by an ordinary wire. 

A room is lighted by five 200-volt, 60-watt lamps, and heated by 
an electric fire, all connected in parallel. Fires are made which consume 
powjr in multiples of 500 watts (e,g. 500 watts, 1000 watts, and so on).^ > 
Calculate the greatest permissible power of the fire so that a 15 amp. 
fuse, placed in the circuit leading to the room, is not burnt out when 
the SvB and ^11 the lamps are in use. ' [J.M.B. 
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10. Explain what ’is meant by the power of an (dectrical circuit. 
State and define the unit used in measuring such a power. 

How does the power of a heating coil of fixed resistance depend on 
(a) the potential difference applied to its ends ; (b) the current through it ? 

Describe an experiment to verify one of these relations. 

11. Draw a diagram of the wiring of a household circuit in which 
two branches, each to take three 100- watt lamps in parallel, and a 
third to take a 2-unit heater are connected to the mains. 

Fuse wires to take 2, 5, 10, or 15 amps, are available. Find by 
calculation which is the least of these suitable for inclusion (a) in a 
lighting branch; (b) in the heating branch, and (c) in the mains if the 
mains voltage is 250 volts. 

12. An electrical water heater with a capacity of 12 gall, is marked 
230 volts, 1000 watts. 

Calculate (a) the resistance of the heating coil ; (b) the time to the 
nearest minute taken for the contained water to be heated from 11° C. 
to 52° C., assuming that 90 per cent, of the heat generated goes into the 
water; (c) the cost of this heating at 3d. per unit. 

[1 gal. of water weighs 10 lb.; 1 lb. = 454 grm. ; J = 4*2 joules 
per cal.] 

13. Describe an experiment for finding how the efficiency of an 
electric lamp expressed in candle-power per watt varies with the 
voltage applied to it. What would you expect the results of the 
experiment to show? 

Why should the filament of a lamp have a high resistance but the 
leads to it a low resistance? 

14. Give brief explanations of the way in which current passes 
(a) between carbon poles in an arc lamp; (6) through a gas discharge 
lamp. Why can the current through a discharge lamp be maintained 
with a lower voltage than that required to start it? 

Briefly describe some practical applications of electric arcs an^ 
discharge lamps. 



CHAPTER XLVIII 

ELECTROMAGNETIC INDUCTION 


In 1831 Michael Faraday performed a series of experiments which 
were of a very simple nature but which had most important results, 
for by means of them he discovered the principles on which the whole 
of the industry for generating and distributing electricity ‘on a large 
scale was later built up. By performing similar experiments an 
understanding of these principles may be gained. 


Action of Magnets on Closed Cucuits 

Wind 150 to 200 turns of insulated copper wire on a cardboard 
tube a few inches long and about one inch in diameter. Stand the coil 

upright and connect the 
ends of the wire to the 
terminals of a sensitive 
galvanometer. Hold a bar 
magnet above the coil with 
its north pole pointing . 
downwards. Plunge this pole 
sharply into the coil and note 
that the galvanometer needle 
gives a kick as this is done. 
Sharply withdraw the mag- 
Fiu. 486. net from the coil and note 

that a kick is registered in 
the opposite direction. Also note that there is no deflection of the 
(galvanometer needle except when the magnet is moving. From this we 
arrive at the conclusion that a ourrent is induced in a closed circuit 




when a mag^iet moves vnth respect to it. Note that this means that the 
exurent is induced when changes are taking place in the magnetic field 
in which the coil is situated. The production of currents by such 
means is termed electromagnetic induction. j 

fiy placing the galvanometer in a circuit in which current is travel- 
ling in a known direction determine the directions in which current 
pantl^ through it when it kicks to left and to right. From this determine 
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the directions in whici current passes round the coil when the north 
pole approaches and when it is withdrawn. They will be found to be 
as indicated in Fig. 486, and such that the near end of the coil becomes 
a north pole as the north pole of a magnet approaches, and a south 
pole as the north pole is withdrawn. If the south pole of the magnet is 
used, again a like pole will be produced by approach and an unlike 
pole by withdrawal. These results are summarised in Lenz’s Law, 
which says that an induced current always flows in such a direction 
that it opposes the motion producing it. Note that this means that 
mechanical work has to be done against the magnetic forces in order 
to maintain the motion and this mechanical work is the source of the 
energy which is transformed into electrical energy to produce the 
current. 

Investigate the results of (a) using a coil with more turns, (5) using 
a more powerful magnet, (c) moving the magnet more quickly. Each 
of these changes will be found to increase the strength of the induced 
current. If we think of the field of the magnet we shall realise that 
some of its lines of force pass through the coil. Owing to the arrange- 
ment of the lines in the field, as the magnet approaches more of them 
pass through the coil, and as it recedes fewer of them pass through. 
Increasing the number of turns is equivalent to increasing the number 
of lines passing through the coil since we should expect any effect of 
them' to be produced on each turn. Thus it appears that the inductive 
effect is connected with changes in the number of lines of force passing 
through the coil, and (c) shows that it is connected with the rate at 
which that number changes. It has been established that the induced 
E.M.F. is proportional to the rate of change in the number of magnetic 
lines passing through the circuit. Thus, if the number of magnetic 
lines passing through a circuit increases or decreases by n in < seconds, 

the E.M.F. induced in the circuit will be proportional to - • 

* 

Action Between Two Adjacent Circuits 

The passage of a current around a circuit has been shown to 
produce a magnetic field. Hence any change in the current in one 
circuit will tend to change the number of lines of force passing through 
a neighbouring circuit and so set up an induced E.M.F. in the latter. 

This may be illustrated by arranging two coils end to end as indicated 
in Fig.* 4^7. When the key, E, is closed current starts to flow through 
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A. This sets up a magnetic field increasing the number of lines of 
force passing through B and the galvanometer G gives a kick indicating 
the presence of induced current in B. On opening K again, the field 
due to the current in A disappears and G kicks in the opposite direction. 
Note that in each case the kick is only momentary. There is no 
induced current in B when the current in A is steady. Induction mly 
takes place while changes in the magnetic field are occurring. 

The arrows in Fig. 487 indicate the directions in which the currents 
will flow when K is closed. It passes round A in such a way as to 
produce a south pole at X. In accordance with Lenz’s Law the 
induced current will pass round B in such a way as to produce a south 
pole at Y, thus tending to set up opposing lines of force. On breaking 
circuit at K tlie current in B will flow in a reverse way producing a 
north pole at Y and so tending to replace the lines of force wh*ich are 

disappearing owing to the 
disappearance of the south 
pole at X. 

The building up of these 
induced currents in B will 
tend to induce E.M.F.'s in ) 
A which in the first case 
will tend to oppose the 
original current in A, and 
in the second case will tend 
to continue it. This interaction between neighbouring circuits is called 
mutual induction. 

If A is connected to a source of alternating current an induced 
current will flow through B every time that in A changes, and thus a 
continuous alternating current can be obtained from B. A is then 
said to be the primary coil of the arrangement, and B the secondary 
cpil. 

Induction etfects also take place in an isolated circuit. When a 
current starts to flow round such a circuit a magnetic field duo to this 
current appears and so changes the number of lines of force passing 
through the circuit. This sets up an induced E.M.F. opposing the 
passage of the current so that on closing a circuit the current does not 
attain its maximum strength immediately. For this reason in Wheat- 
stone bridge and potentiometer experiments the accumulator circuit 
should always be closed before the galvanometer circuit so that the 


X Y B 






I’la. 487. 
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current through the wire may have its maximum value before the 
galvanometer reading is taken. Owing to this effect, for a moment 
after closing a circuit, it will act as though its resistance is greater 
than its true value. The special winding of resistance box coils 
mentioned on page 560 ensures that the magnetic effect of one part of 
the coil is neutralised by that of another, so that there is no change of 
magnetic field on starting current through it, and this inductive effect 
is eliminated. 

On breaking a circuit a spark is often observed to pass at the switch. 
The disappearance of the linos of force due to the current induces an 
E.M.F. tending to continue the current, and this, added to the E.M.F. 
already existing in the circuit may set up so great a potential difference 
across the switch gap that a discharge 
occurs across it. 

These effects in a single circuit are 
referred to as self-induction. 


Transformers 

The insertion of a soft iron core in a 
coil considerably increases its inductive 
effect since it tends to concentrate the 
magnetic lines inside the coil and so 
increases the change in the number of 
lines passing through a given space as 
current is made or broken. This can be 
shown by inserting a bar of soft iron 
through the two coils shown in Fig. 487. 
and breaking the circuit of A will be much increased. 

Transformers usually consist of two coils of insulated wire, containing 
different numbers of turns, wound separately on a continuous soft 
iron core, as shown in Fig. 488. The magnetic lines emanating from one 
coil will almost all remain in this core and so pass through the other coif. 

One coil, the input or primary coil, is connected to a source of 
alternating current. At every alternation the magnetic lines through 
the secondary or output coil will be reversed and so an alternating 
induced E.M.F. will be set up in it. It can be shown that for any 
each transformer 

Voltage of secondary circuit __ No. of turns in secondary coil 
Voltage of primary circuit No. of turns In primary coil 


OUTPUT OR 
SECONDARY COIL 



Fio. 488. The Transformer. 
The kick of G on making 
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Thus if the secondary coil contains fewer turns than the primary it 
applies to its circuit a lower voltage than that of the primary coil and 
is called a step-down transformer. One with more turns in the secondary 
coil than in the primary will give an increased secondary voltage, and 
is a step-up transformer. For example, in a mains wireless set it may " 
be required to apply a potential difference of 4 volts to the valves. 
The mains supply has a voltage of 240. Hence 

Voltage required __ 4: __ 1 
Mains voltage 240 60 * 

so to obtain the required voltage a transformer should be used in 
which the primary coil has 60 times as many turns as the secondary. 


Transmission op Electrical Energy. — It has been found to be 
more economical to transmit electrical energy at high potential than at 

low potential. At 



Fig. 489. The Induction Coil. 


the big power 
stations it is gen- 
erated at a voltage 
of about 10,000. 
For long distance 
transmission on 
the “ grid ** it is 
stepped up to 
132,000 volts. At 
substations this is 


stepped down to 33,000 volts for distribution over an area, and at 
various points within the area it is stepped down again to 230 volts for 
distribution to the consumer. 


the Induction (Rmnkorff) Coil 

• A type of transformer much used in laboratories is illustrated in 
Pig. 489. The primary coil, P, consists of a few turns of stout insulated 
wire wound on a soft iron core. The secondary coil, S, consists of a 
large number of turns of thin insulated wire wound on the outside of 
the primary coil. The primary is connected to a source of direct 
current and a key. The circuit is completed through' a spring bearing 
a piece of soft iron A which just makes contact with a screw. A 
i^aiMleueer,^ C, is usually included between the spring carrying A and 
the metal support of the screw. Two conductors with insulating 
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handles, shown in the ’upper part of the diagram, are connected to the 
ends of the secondary coil. 

. When K is closed so that current passes through the primary coil 
a magnetic field 'is set up and the presence of the iron core intensifies 
this field. The magnetisation of the iron core results in A being 
attracted towards it away from the screw so that the primary circuit 
is broken, the current ceases, and the core loses its magnetism. The 
spring then brings A back into contact with the screw, so that 
the primary current fiows once more ' and the above process is 
repeated. • 

Each time the primary current is made and broken there is a very 
rapid change in the number of magnetic lines passing through the 
secondary coil. As a result high induced E.M.F.’s develop in the 
secondary coil. The direction of the E.M.F. caused by breaking the 
primary circuit is opposite to that developed on making the circuit. 
Thus induced alternating current of high voltage may be taken from 
the secondary coil. It is more frequently used to produce sparks by 
placing the conductors joined to its ends at such a distance apart that 
discharge takes place across the gap between them. 

The object of the condenser is to ensure a sudden disappearance of 
the primary current and tlie m«Qgnetic lines due to it when the break 
occurs. As explained on page 587, there will be self-inductive effects 
in the primary coil tending to maintain the current, and this might 
cause a sufficient potential difference between the screw and A to cause 
sparking between them, thus lengthening the time taken for the current 
to disappear and reducing the induced E.M.F. in the secondary. 
Owing to the capacity of the condenser a sufficient potential difference 
to cause sparking between the screw and A does not develop. On the 
other hand, self-inductive effects do take place on making the primary 
circuit, so that the current does not reach its maximum value instan- 
taneously. Thus a higher E.M.F. is produced in the secondary at thh 
break than at the make, and the secondary spark gap may be made of 
such a width that a spark will pass at the break but not at the make, 
a series of discharges which are all in the same direction being 
obtained. 

Induction coils are used in laboratories for causing discharges through 
tubes of gases at low pressure. The ignition coil of a motor cor is a 
type of induction coil. 
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Movement of Conductors in Magnetic Fields 

Consider the rectangular coil ABCD placed vertically between 
unlike poles of horizontal magnets as shown in Fig. 490 (a). Let 'it 
rotate about the axis XY in the direction shown by the arrow at B. 
During the first quarter of a revolution the number of magnetic lines 
passing through it will be decreasing. According to Lenz’s Law 
induced current will flow through it in such a way that the change 
tends to be neutralised, that is so that more lines in the direction 
of the field due to the magnets are produced. Thus the right-hand 



Ct>) (c; (d) (e) 

Fig. 490. 


face of the coil tends to become a north pole and therefore current 
mns as shown in the direction ADCB. 

When the coil is horizontal the number of lines passing through 
it is a minimum and further rotation increases that number. The 
induced current will now tend to produce lines running the other way, 
and the right-hand face will become a south pole. But the face which 
was originally to the left is now turning to the right, so the current 
still runs in the direction ADCB [Fig. 490 (c)]. 

As the coil passes the vertical once more the right-hand face 
becomes a north pole again, so current flows now in the reverse 
direction ABCD around it [Fig. 490 (d)] . On passing the next horizontal 
position the ^ht-hand face once more becomes a south x^ole, and as 
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the original face is noW turning to the right, current continues to flow 
in the direction ABCD. 

^ Thus, if the coil is continuously rotated, alternating current will 
flow round it, the changes in 
8^'direction of current occurring 
when the coil is in the vertical 
position, that is twice per 
revolution. 

The Dynamo 

(1) Alternating Current 
Machine or Alternator. — 

The last paragraph gives the 
principle of the dynamo. The 
coil is mounted on an axle. 

Its free ends make contact with 
two insulated metal rings, 
known as slip rings mounted 
on the axle. “ Brushes ” of 
carbon or copper are pressed against the slip rings by springs and 
connected to an external circuit. If the coil is mounted between the 
poles of a powerful magnet and rotated alternating current will flow 
through the external circuit. 

The E.M.F. of the induced current will depend on the strength of 
the field magnet, the number of turns in the coil, and the speed with 

which it is rotated. In- 
creasing each of these will 
increase the rate at which 
lines of force are cut, and 
so increase the E.M.F.\i^'^' 

(2) Direct Current 
Machine. — If direct current 
is required from a dynamo 
an arrangement known as 
a split ring commutator is 
used instead of the slip rings. 
This, as shown in Fig. 492, consists of two segments of a metal ring 
mounted on the coil axle. Thus, as the axle rotates, the connexions 
between the brushes and the ends of the coil are interchanged twice 



Fig. 492. 
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Fio. 493. 


per revolution. The gaps are 
so placed that these inter- 
changes occur just as the current 
is being reversed in the coil, 
and so current is always flowing 
in the same direction in the 
external circuit. 

Consideration of Fig. 490 
will show that the change in 
the number of magnetic lines 
passing through the coil is more 
rapid when the coil is nearly 


horizontal than when it is 
nearly vertical. Hence the E.M.F. varies in magnitude as well as 
alternating. The changes in E.M.F. during two revolutions may be 
illustrated by a graph such as Fig. 493 (a). With a split ring com- 
mutator the alternations are prevented but the changes in magnitude 
persist as shown in Fig. 493 (6), and a pulsating current is obtained. 

For most purposes a steady E.M.F. and current are required. 
This is obtained by mounting a number of coils at different angles on 
the axle and using a split ring with a corresponding number of segments, 
each coil being connected to two segments. Thus, as the axle rotates 
the brushes are in contact with each coil only for a very short-time. 
The commutator is so arranged that this time coincides with the period 
at which the coil has its maximum E.M.F. This gives a nearly 
constant E.M.F. 
as indicated in 
Fig. 493 (c). The 
picture on page 
593 illustrates 
such a dynamo. 

In commercial 
dynamos the fleld 
magnet is usually 
an electromagnet. 

Tin a direct cur- 
rent d 3 mamo the 
magnet coils are 
usually arranged 
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in series with, or as a shunt to, 
the mains from the commutator 
(Figs. 494 and 495). If in series 
they should be of low resistance 
so as to have little effect on the 
current in the mains. If shunt 
wound the coils should have 
high resistance, so that only a small fraction of the total current will 
flow through them. 

Magnetos, used on some motor cars and cycles to pfoduce the 
ignition sparks, are small dynamos with permanent magnets of hard steel. 

Telephone Transmitters 

Early telephone transmitters depended for their action on induced 
currents. A coil C was wound round the end of a permanent magnet 
M and connected to leads L joining it to the receiver. An iron dia- 
phragm D was made to vibrate by the sound waves when words were 
spoken into the instrument. This motion caused changes in the field of the 
magnet which induced currents in the coil. Thus intermittent currents 
corresponding to the sound waves were transmitted to the receiver. 

The currents produced by the above instrument were very weak 
and could not be transmitted over long distances. Edison’s introduc- 
tion of the carbon microphone made long distance telephony possible. 
In this instrument the space between the diaphragm, D, and the 
carbon block, B, is filled with carbon granules, G. The leads are 
connected to B and D respectively and between the transmitter 
and the receiver there is a battery. When the movement of the 
diaphragm presses the granules 
together the resistance of the 
circuit decreases and a larger 
current flows. Outward move- 
ment of D causes the granules 
to have only loose contact with 
one another, and so increases 
the resistance and decreases the 
current. Thus fluctuations of 
cnjrrent corresponding to the 
movements of the diaphragm 
are tratiS|Btted to the receiver. 






Fio. 496. 


Fig. 497. 
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Motors 

If current is sent through 
the armature coils of a direct 
current dynamo, the armature 
will revolve and may bo made 
to drive other machinery. 

Thus it becomes a motor. 

If in the coil AIBCD in 
Fig. 498 (a) current is running in 
the direction BADC, Fleming’s 
left hand rule indicates that 
the coil would tend to rotate 
about a horizontal axis XY in 
a counterclockwise direction. 

Fig. 498 (b) indicates that if 
the current were still flowing in 
the same direction after the 
plane A BCD had passed the vertical the direction of motion would be 
reversed. Hence the armature coils must take current from a split ring 
commutator which will reverse the current in them every time they pass 
the vertical position. 

Motor Starting Switch 

The armature of a motor, rotating between the poles of a magnet, 
will act as a dynamo. Comparison of Figs. 498 and 490 will show that the 
induced E.M.F. tends to send current in the opposite direction to that 
driving the armature. Hence a greater P.D. 
has to be applied to the armature than would 
be the case if this dynamo effect were absent. 

At the moment of switching current on to 
the armature there is no induced P.D. so 
if the full driving P.D. were immediately 
ajiplied much too large a current for the coils 
might pass and the coils be burned out. To 
avoid this it is generally arranged that when 
the circuit is first closed there is a high 
resistance in it. As the starting switch is 
brought over it gradually cuts out this 
resistance, and so the current is gradually 
brought up to its full value. 



ARMATURE 
•Fto. 499. 
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QUESTIONS ON CHAPTER XLVIII 

1. Describe one method of producing an induced current. Upon 

what factors does the value of such a current depend ? Name two 
practical applications of induced currents. [L.U. 

2. Describe an experiment to illustrate the production of an 
induced current and give a diagram showing the direction of the current. 

Describe a simple form of dynamo and explain how it works. [L.U. 

3. State the chief facts relating to electromagnetic induction. 

Describe experiments to illustrate them and show on explanatory 
diagrams the directions of the induced currents obtained in the 
experiments you describe. [L.U. 

4. A circular coil of wire is j)laced in a uniform field of magnetic 
force and rotated about an axis which lies in the plane of the coil, 
passes through its centre and is at right angles to the direction of the 
magnetic force. State the electrical effects produced in the coil as it 
is rotated through 360”, representing the results graphically if possible. 

Describe the arrangements by which it would be possible to obtain 
from the coil (a) an alternating (current, (h) a direct current. [L.U. 

5. Describe a simple traiisformer that can be used to reduce an 

alternating current from a high voltage to a lower one. Explain the 
principles underlying its action. [L.U. 

6. Make a careful drawing to illustrate an induction coil and give 
an explanation of the production of sparks from it. 

7. Describe how sounds are transmitted by telephone, explaining 
the actions of both transmitter and receiver. 


8. Describe, with the aid of a diagram, the construction of a moving 
coil ammeter. 

In what respects does the construction of this instrument 
and differ from that of an electric motor ? 

9. What is meant by electromagnetic induction ? State t 
of electromagnetic induction and describe a simple form of | 


10. If you were provided with two flat circular coils deswS^P 
arrangements you would make to show that the alteration in current 
strength in one coil may produce a current in the other. State and 
explain a role for determining the direction of the induced current 
and show how, if the centre of the coils are maintained at a fixed 
(Ustance apart, they should be arranged to give (a) the greatest possible 
induced current, (6) the least possible. [L.U. 


CHAPTER XLTX 

ALTERNATING CURRENTS 

It was shown on page 591 that a dynamo with plain slip rings would 
generate an E.M.F. which changed direction twice per revolution of 
the coil and which varied in magnitude as indicated in Fig. 493 (a). 
The current in the external circuit would undergo a corresponding 
series of alternations and changes in magnitude. Most public electric 
systems supply such alternating currents and this chapter will deal 
with some of their chief properties. 

Note. — For practical work on A.C. it is advisable to have a step- 
down transformer so that E.M F.s of lower voltage than that of the 
lighting system can be used. Also a bicycle dynamo or some other 
alternator that can be worked by hand is useful for generating A.C. at 
var 3 dng frequencies. Exact details for experiments will not be given, 
as coils, etc., have to be adapted to voltages and frequencies available. 

Magnetic Effects 

If the experiments for demonstrating magnetic fields due to currents 
described on page 538 are repeated, using A.C., the iron filings patterns 
produced will be the same as those previously obtained with D.C. 
Also a solenoid carrying A.C. will attract a piece of iron suspended 
near one of its ends, showing that it behaves as a magnet. If, however, 
experiment (1) (page 538) is repeated with A.C., neither end of the 
suspended solenoid will be steadily attracted by a given pole of a magnet 
but, when a magnetic pole is brought near one of its ends, the solenoid 
will quiver slightly if the alternations are rapid and may show oscillations 
through a larger angle with slower altenations. This indicates that the 
end of the solenoid is alternately attracted and repelled by the magnetic 
pole, that is its polarity alternates with the alternations of current. 
These results indicate that alternating currents give rise to magnetic 
fields of the same form as those due to direct currents but, as might be 
expected, the directions of the lines of magnetic force and hence the 
polarity at the ends of a solenoid carrying alternating current reverse 
each time the current changes direction. The solenoid still acts as a 
magnet’ towards a piece of iron since it will act inductively on the iron, 

697 
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and each time the polarity of the solenoid reverses the induced poles 
in the iron will be reversed. Thus the pole at the end of the solenoid 
and that facing it on the piece of iron will always be unlike poles and 
will attract one another. 

The moving iron ammeter, described on page 550, is based on this 
magnetic effect and, since the strength of the magnetic field depends 
on the strength of the current and not on its direction, the instrument 
will give a measurement of an alternating current. It should be noted 
that the strength as well as the direction of the current varies but the 
changes are so rapid, many public supplies going through the whole 
series of changes fifty times per second, that the instrument will show 
a steady deflection indicating an average strength of the current. 

Heating Effect 

Here again we have an effect that depends on the size of the current 
and not on its direction. This heating effect may be demonstrated in 
the same way as it was for direct currents (see page 575) and the same 
relations between heat developed and current will be obtained. The hot 
wire ammeter described on page 581 is based on the heating effect and, 
as in the case of the moving iron ammeter, owing to the raf)idity of the 
alternations it will give a steady reading indicating an average value of 
the current with an alteniating current. 

Since the heating effect is proportional to the square of the current 
(see page 576) the direct current which has the same heating effect as 
a given alternating current will be equal to the square root of the average 
value of the square of the A.C. which differs somewhat from the average 
value of the current. It is this so-called “ root-mean-square ” value of 
an A.C. which is measured by a hot wire ammeter and it can be shown 

that it is equal to times the maximum value of the current. 


Chemical Effect 

Connect the water voltameter (page 506) in series with a moving 
iron or hot wire ammeter, a rheostat and a source of alternating current. 
Adjust the rheostat so that a current of about 0*5 amp. passes through 
the voltameter. It will be found that the volumes of gases collected 
in the two tubes are equal. Compare this with the result given on 
pa^ 507. When a considerable quantity of gas has collected cork one 
of the tubes while its mouth is still under water, invert it, wrap it in 
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a tJdrk duster for 'protection in case it shatterSy remove the cork and apply 
a light to the gas. A sharp explosion will indicate that the gas is a 
mixture of hydrogen and oxygen. 

The explanation of the action is the same as that given in Chapter 
XLITI. except that at each alternation of current the electrodes will 
interchange the parts they j)lay as anode and cathode. Thus, in the 
bulk of the electrolyte, while the positive and negative ions will always 
l e moving in opposite directions, each set will keep reversing its direc- 
tion of motion and there will be no continuous separation of them. 
But some ions near the electrodes during their oscillations will make 
contact with the electrodes and be discharged and, owing to the 
alternations, oxygen and hydrogen will alternately be liberated at each 
electrode. 

Measurements of the volumes of gases liberated in different times by 
a steady current, as on page 507, will show that Faraday’s Laws apply 
to electrolysis by alternating currents as well as by direct currents. 

If alternating curre.nt is passed through a. copper voltameter there 
will be no change of weight in either electrode, since the electrode 
actions described on page 517 will take place alternately at each elec- 
trode and each will have equal masses of copper deposited on it and 
dissolved from it. 

Alternating Current in Solenoids, Chokes 

For the following experiments a solenoid made by winding closely 
10 to 12 layers of thin cotton-covered copper wire on a tube about 
six inches long and half an inch in diameter, is required. An iron core 
made up of a bundle of wires or strips of soft iron whicli can easily be 
slipped in and out of the coil should be j)rcpared. 

1. Connect the solenoid without the core in series with a lamp and 
a rheostat and a source of direct current. Adjust the rheostat until 
the lamp glow's brightly. If the core is rapidly pushed into the solenoid 
the lamp will be dimmed for a moment but will resume its steady glow 
when the core is stationary. If the core is now rapidly withdrawn the 
lamp will give a very bright flash. 

2. Repeat the experiment, using alternating current. The lamp 
will be dimmed when the core is inserted and remain dim so long as the 

"•core is inside the solenoid. Also, if the core is inserted or removed in 
stages it will be found that the greater the length of core inside the 
solenojd-the greater is the dimming effect. 



600 GENERAL PHYSICS— MAGNETISM AND ELECTRICITY 


3. Similar effects may also be shown by setting up a circuit as shown 
in Fig. 500. S is the solenoid with its iron core and R is a wire whose 
resistance is large compared with that of 8. Apply a direct E.M.F. 
to XY and the lamp A will light up but not B since most of the current 
will pass through the branch SA which has the lower resistance. With 
an alternating E.M.F. B and not A will light up, showing that most of 
the alternating current passes through the branch RB. 

These experiments illustrate the fact that a solenoid, particularly 
one with an iron core, acts towards alternating current as though its 
resistance is greater than that determined with direct current. This 
effect is due to the self-induction of the coil (see page 587). In experi- 
ment (1), as the core approaches the solenoid it becomes magnetised by 
induction. This increases the number of lines of magnetic force passing 
through the coil and this change in the magnetic field will set' up an 

induced E.M.F. in the solenoid 
which, ill accordance with 
Lenz’s Law, will oppose the 
effect producing it, that is, it 
will act ill the opposite direc- 
tion to the E.M.F. driving 
current through the solenoid. 
Thus the current is moment- 
arily reduced and the laiiip is 
dimmed. But this inductive 
effect only lasts so long as the 
magnetic field through the solenoid is changing, so when the core becomes 
stationary the induced E.M.F. disajipears and the current returns to 
its steady value. On withdrawing the core from the solenoid the 
number of lines of force through it is reduced and an induced E.M.F. 
momentarily increases the current to oppose this change and causes the 
bright flash of the lamp. 

" In experiment (2) each change in direction of the current will 
reverse the magnetisation of the core and so reverse the direction of the 
lines of force through the solenoid. Thus there is a continuously 
changing magnetic field inside the solenoid and the continuous produc- 
tion of induced E.M.F. opposing the passage of the current which is 
therefore reduced so long as the core is present. Also, the degree to 
which the core is magnetised and hence the magnitude of the change 
in the magnetic field at each alternation will become greater as^more of 
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the core is inserted into the solenoid so that if it is pushed in steadily 
there will be a continuous reduction of the current. 

It should be noted that these effects will be present to some extent 
even when the solenoid has no iron core though the presence of the 
latter much increases the effect owing to the increase in the changes 
of magnetic field it produces. When a solenoid, with or without an 
iron core, is introduced into an A.C. circuit in order to reduce the current 
it is called a choke. The apparent resistance to A.C. of a circuit 
containing a choke is termed the impedance of the circuit, and for A.C. 

the Ohm’s Law equation is replaced by z= Current. 

Impedance 

The imj)edance depends partly on the resistance of the circuit 
determined for direct current according to Ohm’s Law and partly on a 
quantity called the reactance of the choke which depends on its self- 
inductive properties and it can be shown that 

(Impedance)^ -= (Resistance)*^ f (Reactance)®. 

Thus, if the resistance of the circuit is very small the impedance is 
approximately equal to the reactance. Since the induced E.M.F. is 
proportional to the rate at which the magnetic field changes the reactance 
of a choke is increased by increasing the number of turns in it or by the 
provision of an iron core. It is also increased by increasing the fre- 
quency of the A.C. that is the number of times per second that the current 
goes through its complete series or cycle of changes. Thus in the case 
of very high frequency A.C., such as is found in certain parts of radio 
circuits where there may be frequencies of about one million cycles 
per second, a solenoid with only a few turns and without an iron core 
may have a very large reactance and produce a very large impedance 
to the current so that very high frequency currents may be almost 
entirely suppressed by such a choke. 


Alternating Current and Condensers 

If a condenser is connected in series with a lamp in a circuit to which 
a direct E.M.F. is applied the lamp will not give a continuous light as 
the current cannot pass through the dielectric between the plates of 
the condenser. If an alternating E.M.F. is substituted for the direct 
one the lamp will light up. Because of this and other similar results it 
is often said that A.C. will flow through a condenser. This is not 
strictly true and the reason for the lamp lighting with A.C. can be 
illustrated as follows. 
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A circuit as shown in Fig. 501 is set up, E being a high-tension 
battery, C a condenser of large capacity, and L a lamp. The switch 
X can make contact with either b or c. When x is brought in contact 
with b there will be a momentary flash from the lamp. The lamp will 
flash again when x is switched over from b to c. When the connexion 
with b is made there will be a flow of electricity to the condenser until 
the potential difference between its plates is equal to that between the 
poles of the source. The actual flow will be one of electrons from the 
negative pole of the source to the condenser plate to which it is connected 
which thus becomes negatively charged and a flow of electrons from the 

other condenser ])late to the posi- 
tive pole of the coll leaving the 
second })late positively charged. 
When tl)o connexion is switched 
from b to c the condenser will dis- 
charge, electrons flowing from 
its negatively-charged plate to 
neutralise the positive charge on 
the other plate. Thus there is 
a momentary flow of electricity 
through the lamp causing it to 
flash each time the connexion is 
switched over. 

When a source of A.C. is con- 
nected in series with a condenser 
and lamp (Fig. 502) similar re- 
sults are obtained. At one 
moment electrons will be flowing 
from the source to plate X, charging it negatively, and to the source 
from plate Y which becomes positively charged. But a moment later 
the direction of the E.M.F. of the source will be reversed and so electrons 
will flow from X to the source and from the source to Y, reversing the 
charges on the plates. Thus, there is a continuous flow of electricity 
through the lamp, though it changes its direction each time there is 
an alternation of the source. From this it will be seen that the current 
does not really flow through the condenser but there is a continuous 
series of surges of current from one condenser plate to the other, the 
direction changing with every alternation of the source, giving the 
same effect as if A.C. were flowing right round the circuit. 




Fia. 502. 
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For an A.C. circuit containing a condenser as for one containing a 
clioke we may write — 

Potential Difference ^ 

j = Current, 

^ Impedance 

and again 

(Impedance)^ — (Resistance)® (Reactance)®. 

If experiments are made with condensers of different capacities it 
will be found that the lamp glows more brightly as the capacity of the 
condenser is increased and it can be shown that the reactance is inversely 
proportional to the capacity of the condenser. Also, if currents of 
varying frequency are used it will be found that the reactance of a given 
condenser is less for high-frequency currents than for low-frequency 
currentsi. Hence a condenser of moderate capacity in a circuit will 
offer little imj)edance to very high frequency currents but may suppress 
low-frequency currents. 

Electrical Transmission. Advantages of A.C. 

The various transformations of voltages during electrical trans- 
mission were mentioned on page 588. There are two reasons why high 
voltage is more economical than low voltage for transmission over 
long distances, (a) the energy lost through the generation of heat in 
the cables is less, and (b) thinner cables can be used and so there is a 
saving in the cost of metal for them. This may be illustrated as 
follows. Suppose it is required to transmit electrical energy at the 
rate of 500,000 watts from one place to another. Since watts = volts 
X amps., this might be done by sending a current of 5 amps, at 
100,000 volts or a current of 500 amps, at 1000 volts. But the rate at 
which heat is generated in the cables is proportional to the square of 
the current through them. Hence the rate of loss of electrical energy 
through its conversion to heat in the cables would be 10,000 times as 
much with the second current as with the first, also, to carry the much 
bigger current safely a much thicker cable would be required. 

Alternating current is much more suitable than direct current for 
this transmission with various stages of voltage change since the changes 
can be effected by means of transformers (see page 587) which do not 
Inquire much attention and which have a high efficiency. The energy 
transmitted by the output circuit of a transforn:.er is usually more than 
85 per .cent, of that dissipated in the input circuit. Direct current 
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cannot have its voltage changed by transformers, but each voltage 
change would require the use of a motor and dynamo which would 
require much more attention than a transformer and in which there 
would be much greater energy losses. 

QUESTIONS ON CHAPTER XLIX 

1. Illustrate by graphs the difference between an alternating current 
and a direct current of electricity. Use the graph to ex]:)lain what is 
meant by the terms cycle and frequency as applied to alternating current. 

2. Compare direct current and alternating current with regard to 
(a) magnetic effects, {b) heating effects. 

Describe and explain the action of an instrument which will measure 
alternating current by means of one of these effects. ^ 

3. Describe and explain the different effects produced by passing 
(a) direct current, (h) alternating current, through a water voltameter. 

Could you measure an alternating current with a copper volta- 
meter? Give reasons for your answer. 

4. Write notes on the meaning of the terms resistance^ impedance, 
and reactance and give the relation between these three quantities in a 
circuit carrying alternating current. 

5. What is a choked. Describe experiments to show the effects of a 
choke on (a) direct, and (6) alternating currents. Give an explanation 
of the effects. 

6. If you wished to arrange for the gradual dimming of the lights on 
a stage, what would you include in the circuit and how would you 
operate it "if the electrical supply were (a) alternating current, (6) direct 
current? 

7. Is it correct to say that alternating current can pass through a 
condenser? Describe an experiment to illustrate why this is frequently 
said and give an explanation of what really happens. 

8. A lamp is connected in series with two condensers, one on each 
side of it, a hot wire ammeter, a switch, and a source of current. Draw 
a diagram of the circuit. 

"V^at will be observed when the switch is closed if the source has 
(a) a direct E.M.F., (6) an alternating E.M.F.? Explain these results. 

How would you set up circuits (a) to pass very high-frequency 
currents but stop low-frequency currents, (6) to pass low-frequency 
currents but to stop very high-frequency currents? 



CHAPTER L 

, DISCHARGE^ TUBES, X-RAY TUBES, AND VALVES 

Discharge through Gases. Cathode Rays 

In Chapter XLVIl. some account of electrical discharges through 
gases was given in connexion with discharge lamps. Further details 
of the process will now be given. 

At atmospheric ])ressure a voltage gradient of about 30,000 volts 
per cm. is required to produce sparking across an air gap. The 
molecules of gas are so near together at such a pressure that a very 
high potential difference is needed to give such ions as may be present 
sufficient velocity in be- 
tween collisions to ionise 
molecules with which they 
collide (see page 580). At 
low pressures the “free 
paths,” i.e. the distances 
between molecules, are 
much longer so the ions 
travel further in between 
collisions and while 
travelling these longer 
paths a lower potential 
difference will accelerate 
them to the required 
velocity and the gaa becomes more conducting. 

Several interesting phenomena may be observed by passing a 
discharge through a tube such as that illustrated in Fig. 503 («). The 
anode and cathode are connected to the terminals of the secondary 
winding of an induction coil to apply a sufficient voltage to them and 
the side tube is connected to an air-pump so that the pressure may be 
reduced in the tube by pumping air from it. When the pressure is 
reduced to 2 or 3 cm. of mercury the spark discharge is seen to 
take the form of violet streamers between the tw o electrodes. As the 
pressure is further reduced the spark path broadens and at about 
1* cm. pressure there is a steadier discharge and at a pressure of about 
4 mm. an orange glow, known as the positive column, extends from the 
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anode almost all the way to the cathode which is surrounded by a 
blue glow, the negative glow. A dark space, known as the Earaday 
dark space, separates the two glows. At between 1 and 2 mm. pressure 
the negative glow moves from the cathode and a second dark space, 
the Crookes’s dark space, develops [Fig. 503 (6)]. This is about as far' 
as the process can be carried with even a good air-pump, but tubes can 
be obtained in which the pressure has been reduced still further by 
special means. Such further lowering of the pressure results first in 
the shortening of the positive column and a lengthening of the Crookes’s 
dark space. At still lower pressure the positive column breaks up into 
a number of discs and, finally, the Crookes’s dark space fills the whole 
tube. At this stage the glass, particularly towards the anode end, 
exhibits a greenish fluorescence. 

This fluorescence can be shown to be due to a radiation referred to 

as Cathode Rays, travelling in straight 
lines from the cathode. For instance, 

/ --a:, ^ fitted with an anode in 

( form of a Maltese cross as illus- 

V jT 5 trated in Fig. 504, a shadow of it will 

\ ^*6 formed on the end of the tube. , 

9 ^ \ I • The cathode rays exert force on ob- 

staclcs placed in their path. This has 
Fig. 504 . been shown by mounting a ‘ small 

wheel fitted with light vanes with its 
axle resting on two rails inside a discharge tube. The anode and 
cathode are so placed that the rays will fall on the upper vanes and not 
the lower ones, and when the discharge takes j)lace the wheel is driven 
away from the cathode. This suggests that the rays consist of streams 
of particles with definite masses. The rays are also deflected by mag- 
netic and electrical fields and the direction of deflection is that which 
would be given to a current of negative electricity flowing from the 
kathode. This deflection can be shown by the movement of the 
fluorescence on the walls of the tube when the pole of a magnet is 
brought near. 

By experiments yrhose descriptions are beyond the scope of this book, 
the actual mass and charge of particles forming the cathode rays have ^ 
been determined, and it has been established that they are electrons 
moving with very high velocities. They may penetrate thin layers of 
light aubstances such as aluminium but are usually absorbed wh^n they 
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fall on solids, and the fluorescence they excite in glass and a number of 
other substances is due to the transformation of the kinetic energy 
thjBy losr into energy of wave motion giving rise to waves in the range 
j. of wave-lengths corresponding to the visible part of the spectrum. 
S* When they fall on -solids with very heavy atoms, for example, platinum, 
they are stopped more quickly and waves in the X-ray range are 
emitted. 

X-ray Tubes 

Early X-ray tubes (Fig. 505) had concave cathodes. Since the 
cathode rays leave the cathode normally this enabled a beam of them 
to be concentrated on a target of platinum or tungsten which was 
embedded in a block of coj>|)er to conduct away the heat into which 
some of the kinetic energy of tlie electrons is converted. The anode 
was placed in a side tube. 

Its position does not 
affect the paths of the 
cathode rays. The tar- 
get and anode were 
^ usually connected. This 
arrangement produced a 
steadier discharge than 
if the target alone was 
made the anode. AVhen Fjo. 505 . 

a discharge was passed 

through the tube a beam of X-rays was thrown out from the target. 
The type of X-ray produced depended on the gas pressure in the tube. 
The potential dilTcrence needed to produce the discharge is a minimum 
when the jnessure is about 1 or 2 mm. At this pressure only a weak 
beam of X-rays of comparatively long wave-length and little penetrating 
power, so-called “soft rays,” is produced. With lower })ressures, 
requiring a higlier voltage for discharge, a powerful beam of “harJi 
rays ” with shorter wave-length and more penetrating power is given out. 

Modern X-ray tubes are usually modifications of the Coolidge tube, 
the principle of which is indicated in Fig. 506. The tube is almost 
comi)letely evacuated and the source of electrons is the coil X which is 
“lieated by an electric current. (See “Thermionic Emission’’.) X is 
Surrounded by a molybdenum cylinder C which concentrates the 
electrons into a narrow beam, A potential difference is applied 
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between X and the target T which is at the higher potential so that the 
electrons are driven towards it. Increasing the current through X 
will raise its temperature and thus increase the rate of emission , of 
electrons and consequently the intensity of the beam of X-rays produced. 
Increasing the potential difference between X and T increases the 
velocity of the electron stream and so produces X-rays of greater 

hardness. Thus the 
hardness and intensity 
of the X-ray beam can be 
separately controlled. 

Cathode Ray Tubes 

The main features of 
a cathode ray tube are 
indicated in Fig. 507. 
Electrons are emitted from a heated coil X in a highly-evacuated tube, 
as in the Coolidge tube. The anode A, maintained at a higher potential 
than X, is perforated so that a narrow pencil of electrons driven from 
X passes through it. The screen S is coated with a fluorescent substance 
so that a spot of light is produced at the point where the electron stream 
falls on it. At P the pencil passes between two horizontal plates. If 
a potential difference is applied to them the electric field between them 




Fig. 607. 

will deflect the pencil and the spot on the screen will move. If the 
potential difference is alternating the spot will move up and down on 
the screen giving the appearance of a vertical line of light. At Q the 
pei&il passes between a pair of horizontal plates so that a potential 
difference applied to them will deflect the spot horizontally. Thes6 
platQS Bire connected to what is known as a time-base circuit, which 
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varies the potential difference in such .a way that the spot will travel 
steadily from one side to the other of the screen and then flash back 
to. its starting point. If an alternating potential difference is applied 
to P and the time-base circuit to Q, the spot will trace out a wavy line 
on the screen which will indicate the way in which the potential 
diflerence applied to P varies. 

The cathode ray tube can be used for investigating alternating 
currents and for demonstrating various properties of wave motion, and 
it is used for the reception of television and in radar. 

Thermionic Emission Valves 

In previous chapters it has been indicated that metals act as con- 
ductors because they contain a large number of electrons very loosely 
attached to their atoms. These electrons can move within the metal 
almost as frcc'ly as Die molecules in a 
liquid and have a tendency to make random 
movements similar to those of liquid mole- 
cules. The velocity of these movements 
increases with rise of temperature and at 
a certain temperature some of them acquire 
sufficient kinetic energy to escape through 
the surface of the metal much as molecules 
of liquids escape during evaporation. This 
escape of electrons from heated metals 
is known as thermionic emission. The 
very rapidly with rise of temperature and, because it can be heated to a 
high temperature without melting, tungsten is the metal generally used 
for the production of electrons in this way. It has been found, however, 
that if a tungsten filament is coated with a thin layer of barium oxide 
or of thorium it will emit electrons much more readily and give, off a 
good stream of them at dull- red heat, constituting .what is known as a 
dull-emitter. 

The thennionic valve, invented by Fleming in 1904, and now so 
widely used in connexion with radio, is based on thermionic emission. 
The dflode valve, shown diagrammatically in Fig. 508, is so-called because 
it has two electrodes. The cathode C is a filament which will emit 
'Electrons wheil heated by a current from the source B and is enclosed 
in a vacuum bulb. The concentration of electrons produced in the 
bulb gives rise to what is known as a negative apace charge which repels 
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further electrons which might escape from the filament and tends to 
prevent continued emission. The anode A consists of a nickel plate 
and a big potential difference can be maintained between it and C by 
means of a high tension source T. If A is maintained at a higher 
potential than C the emitted electrons will be driven from C to A and 
then flow through T in the direction shown. If the connexions with 
T are reversed no current will flow, as A will be at lower potential than 
C, and electrons will not be driven towards it. If an alternating 
potential difference is introduced at T, A will be alternately at higher 
and lower potential than C and it is only during the periods' when it is 
at higher potential that current will flow through T. It is because the 
arrangement will only allow current to flow one way that it is known as 
a valve and is frequently used as a rectifier, that is a means of obtaining 
current or potential difference in one direction only from an altc^rnating 
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source. If the circuit of Fig. 509 is set up, S being an alternating source, 
as explained above, current will flow through any system of conductors 
connected to the two terminals T^ and Tg only during those half-periods 
of S when A is at higher potential than C and the flow of electrons will 
filways be from Tj to Tg, that is, the conventional current will flow 
from Tj to T^. This anode dr plate current will be pulsating, the varia- 
tions in it being as indicated graphically in Fig. 510, but it may be used 
for such purposes as charging accumulators. If the circuit of Fig. 511 
is used, R being a resistance coil, the potential difference between the 
ends oT R will always be the product of the anode current and the 
resistance of R, so a pulsating potential difference always in the same 
direction will be applied to any set of conductors connected to X and Y. 

The stren^ of the anode current will depend on the temperature 
of G, which demlmines the rate at which electrons are liberated from it, 
and the potential difference between C and A (anode potential) which 
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determines the speed with which the electrons travel from C to A. The 
relation between anode current and anode potential for a fixed filament 
temperature can be investigated by using the circuit of Fig. 508 with 
an ammeter inserted between T and A. The battery B should have 
I a fixed E.M.F. of, say, 2 volts, and T should be a high tension battery 
of dry cells tapped so that various E.M.F.s can be applied by it. The 
results will be as illustrated in Fig. 512. At first raising the anode 
potential increases the current but at a certain stage the current 
remains constant as the potential increases. The reason for this is 
that at a certain voltage the electrons are attracted to the anode at 
the same rate as they are produced by the cathode so further voltage 
increase cannot increase the current. 

The triode valve, as indicated in Fig. 513, has a third electrode, G, 
known as the grid because it is perforated, inserted between the cathode 
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^ and anode. In practice the anode is an open-ended cylinder; the 
cathode is a straight filament passing along the axis of the anode and 
the grid is an open coil of wire surrounding the cathode filament. If 
a constant potential difference is maintained between C and A the 
resulting anode current can be regulated by giving various potentials 
to G. Thus if G has a positive potential electrons emitted from C will 
be attracted towards it and most of them will shoot through the spaces 
in it and then be attracted to A. If the potential of G is raised it will 
give a greater velocity to the electrons it attracts so that more of them 
reach A in a given time and the anode current is increased. On the 
other hand, a small negative potential at G will tend to repel the 
electrons so that few pass through the grid and the anode current is 
"^mall. If G is given a sufficiently great negative potential it will repel 
the electrons so strongly that none will get through and there will be 
no anqde current. 
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The relation between grid potential and anode current can be 
investigated by means of the circuit shown in Fig. 513. The steady 
potential dilference between C and A is maintained by the high tension 
battery T, while different potentials can be applied to the grid by means 
of the tapped battery Tj. The anode current is measured by the 
milliammeter mA. The results plotted into a graph give a charac- 
teristic curve of the valve which is of the form shown in Fig. 514. The 
negative grid voltage at A will suppress the anode current altogether. 
Between B and C the graph is very steep showing that a small change 
of grid potential causes a relatively big change in the anode turrcnt. 




GRID VOLTS 

Fig. 514. 


One of the main uses of the triode valve is to act as an amjAifier. 
If an alternating source whose maximum and minimum E.M.F.s have 
the values of the grid volts corresponding to B and C is substituted for 
Ti there will be big charges in the anode current and corresponding 
big charges in the potential difference between the ends of a conductor 
through which the anode current flows. Thus an oscillating potential 
difference of the same frequency as that applied to the grid but having 
a much greater amplitude can be obtained. It should be noted, 
however, that the amplified potential difference will always act in the 
same direction and not alternate. 



ANSWERS 

Chapter HI. {I^age 21) 

1. 7*‘13 grrn./c.cm., 43*2 Ib./cnb. ft., 1*1 grm./c.cm., 85*3 Ib./cub. ft. 

2. 975 lb., 1305-6 grm., 9 lb., 806 grm. 3. 73-53 c.cm., 271-3 cub. in., 875 c.cm. 

5. Zinc. 7. 1483 cm. 8. 0-871 grin./c-.cm. 9. 0-93 grm./c.cm. 

10. 362 tons. 11. (a) 52-51 c.cm., (ft) 1-84, (c) 184 lb. 12. 39 tons. 

13. 2-5. 14. 154-5 lb. 16. 1950 grm. 17. 0*8722,2*18. 

Chapter IV. (Page 39) 

2. 7200 yd., 6 sec., 1666*7 cm./scc., 30 ml. per hr., 4166*7 cm. 

3. I ft./scc.^ 750(J ft.; 150 cm./scc., 1 125 cm.; 40 cm./scc., 4 cm. /sec.*; 26 ft./scc. 

105 ft.; 16f sec., 794-4 ft.; 40 cm./scc., 2 em./sec.*. 

4. 5-69 sec., 178-9 ft./si-e.; 176-4 m., 6880 cm./sec.; 14-3 sec., 140 m./scc.; 

2304 ft., 12 see.; 57,600 ft., 1920 ft./scc. 5. 2 ft./scc. 

6. (a) 900 ft./scc., (ft) - 2-4 ft./sec.*, (c) 8 ml. 3410 Ft. 8. 979 cm./scc.*. 

9. 262-98 ft./sec., 7-906 sec. 10. (a) 3600 ft., (ft) 480 ft./sec. 

13. 12,000 dynes, 112 piidls., 2 lb., 4900 grm., 6-4 ft./soc.*, 100 em./sec.*. 

14. 18* tons-wt., 1320 ft. 15. (a) 1-92 ft./sec'*, (ft) 118-72 Ib.-wt. 

17. 2665 Ib.-wt. 18, 2^ ml. per hr. 19. 120 ft./sec., 75 tons-wt. 22. 4-33 sec. 

Chapter V. (Page 52) 

3. (a) 20 lb,-wt., SO*’ 52': (ft) 150 grm.-wt., 36" 52'; (c) 20-26 pndl., 32° 67'. 

4. 21° 48' K. of N., 16-16 ml. ]>er hr. 

6. 141-4 !b.-wt., 141-4 Ib.-wt.; 75 grm.-wt., 129-9 grm.-wt.; 1-732 ton-wt., 1 ton-wt. 

7. (a) 86-6 Ib.-wt., (ft) 50 Ib.-wt., (c) 150 Ib.-wt. 8. 250 grm.-wt. 

9. 3-214 unit*?, 41" 17' W. of N. 10. 774-6 Ib-wt. 

11. (a) 2-598 grm.-wt., 1-299 grm.-wt. 

Chapter VI. (Pa^e 68) 

4. 26 cm., 120 in., 712-5 grm.-wt., 160 grm.-wt. 7. 60 grm. 

8. 0-818 in. from centre of square. 9. 0-1414 in. from centre of square. 

11. 6° 61'. 16. 7-766 lb., 4-235 lb., 20 lb. 17. 6 tons-wt., 3-6 tons-wt. 

^ Chapter VII. (Page 76) 

.3. (a) 504,000 ft.-lb., (ft) 15-3 h.p. 4. 4,242,867 ft.-lb., 2*14 h.p. 

5. 3,960,000 ft.-lb., 89-52 kW. 6. 162 x 10*® eigs. 

7. 924;0()0 ft.-lb., 0-156 h.p. 11. 20*17 ft. 
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Chapter Vm. (Page 97) 


2. 4, 3J, 4. 6, 74J Ib.-wt., 36 at. 

6. 373-3 Ib.-wt., 14,933 ft.-lb., 11,200 

9. 0-200. 10. 24-02 Ib.-wt. 

14. 4, 3-33, 83-3%. 


5. 9-6. 

7. 0-8 in., 9-5 in. 

13. (a) 896 ft.-lb., (b) 996-6 ft.-lb. 
16. 3-3 Ib.-wt., 419 ft.-lb. 


Chapter IX. (Page 105) 

4. (a) 286,364 grm./cm.*, (A) 0-0001786, (c) 1-6 x 10® grm./cm.*. 

5. 106-9 kgrm. 6. 4-716 lb. 


Chapter X. (Page 115) 

4. 32 grm., 0-8, 7-84 cm. 6. 2-21 cm., 37-5 cm. 9. 7 cm. 


Chapter XI. (Page 132) 

4. 999,600 dynes/cm.*, 784-6 cm. 5. 1-095 grm./c.cm. 

9. 237-5 c.cm., 6 Ib./aq. in., 94-66 cm., 9 Ib./sq. in., 690*8 c.cm. 

10. 1120 cub. in. 11. 1440 Ib./sq. in. 12. 22-37 c.cm. 17. 14-97 Ib./sq. in. 

18. 0-833. 19. 27-2 cm. 20. 1020 grm./aq. cm., 1020 cm, 

21. 6 cub. m. 22. 78 cm. 25. 10000/14641 or 0-683 atmospheres. 

26. 226 cm. 27. 120 atmospheres; 96 atmospheres; 432 grm. 

28.76 cm. 29. 76 cm.; 42-9 cm. 30. 114 cm.; 6-02 m. 

31. 48-2 in.; 8033 cub. ft. 


Chapter XU. (Page 143) 

3. 22 c.cm., 7-06, 137-4 grm. 4. 0-343. 

8. 0-5 grm./c.cm., 1-47 grm./c.cm. 9. 112-5 grm. 

12. 168 lb. 14. 0-75. 16. 4-6875 tons. 

Chapter XIII. (Page 159) 

11. 93-8 see. 

* Chapter XIV. (Page 173) 

7. (a) -58°F., -26°C., - 6° G., 50° F., 15° C., 113° F., 167° F., 95° C.; 

(6)- 40° C. or F. 9. 23-9° C., 6-7° C. 

• Chapter XV. (Page 184) 

1. 100-1425 cm., 100-09 cm., 100-06376 cm., 100-21 cm. 2. 2 ft. 1-34 in. 

3. 0-000017, 0-000012, 0-000028. 4. 6280-6336 ft., 0-0118%. 

5. (a) 0-00189 in., (6) 0-001134 in., (c) 0-04536 sq. in. 


11. 10,667 kgrm. 
17. 0-4468 Ib.-wt. 
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6. 6-67 ft., 2-67 ft. ’ 7. 1000-266 c.om. 

8. (a) 8-00832 cm., (6) 3-1404 aq. cm., (c) ^-2213 o.cm. 9. 0-000010. 
11. 76 cm., 60 cm. 12. 60° C. 13. 1-0008 : 1. 


Chapter ZVI. {Page 103) 

2. 0-0008745. 3. 0-000874, 0-0000087. 4. 0-00018. 

6. 007-6 grm. 7. 0-0340 aq. mm. 


Chapter XVU. {Page 203) 

4. 237-6 c.cm., 67-6 cub. in., 752 c.cm., 76° f’., - 140-3° C., 484-6° C. 

5. 01-25 cm., 18-76 Ib./aq. in., 66-5 cm., 68-25° C., - 39-875° C. 

6. 5-024 htrcs, 244-3 cub. in., 70-5 cm., - 133-875° C. 

7. 140 c.cm. 8. 25-26 Ib./aq. in. 9. 10 atmoa., 116° C. 

13. (a) 186-5 c.cm., (6) 131-5 c.cm. 


Chapter XIZ. {Page 227) 

5. 262? cals. 

6. (i) 6300 cala., (ii) 6472 B.Th.U., (iii) 5200 B.Th.U., (iv) 325.000 cals., (v) 121-73 

calH., (vi) 280-24 B.Th.IT. 

7. (i)6irC., (ii) 168" F., (iii) 20-4° C., (iv) 48-7° C., (v) 105-8“ F. 

8. 217° C., 201-6° F., 824° C. 9. (i) 0-0988, (u) 0-0307, (iii) 0-0290. 

10. 1673-3 cals./min., 0-5544. 11. Coal. 13. 4-63 grm. 

14. 76 grm. 15. 0-641. 16. 102 cub. ft., 9-792 pence. 

17. (tt) 5-69 grm., (6)0-264. 23. 7-22 grm. 24. 2-28 cu. ft.; 0-228 ponce. 

26. 0-12. 27. 8-8 cala. per degree; 0-557. 


Chapter XX. {Page 246) 

3. (i) 1300 cala., (ii) 10,800 cals., (iii) 1575 cals. 

4. (i) 29-1° C., (ii) 34-4° C., (iii) 35-2° C., (iv) 64° C. 

5. 144 B.Th.U./lb., 972 B.Th.U./lb. 8. 28,800 cals. 11. 141-9 B.Th.U./lb. 

13. 48-2° C. ' 14. 200 grm., 1200 c.cm. , 


Chapter XXn. {Page 270) 
3. 1-7° P. 4, 0-438° C. 

Chapter ZXm. {Page 277) 

6. (o),9-in., 16 in.; (5) 12 ft. 
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Chapter XXV. (Page. 304) ' 

2. + h in- 

6. (a) + cm., cm.; (6) -f- 12 cm., 2 cm.; (c) — 3 in., in.; (d) — f in., 
f in. ; (e) — 2*4 cm., 0*3 cm. 

8. 30 cm., + 10 cm. 13. Concave, 6*25 cm., + 8J cm. 


Chapter XXVI. (Page 322) 

6. 1-44, 0*76 cm. 

Chapter XXVII. (Page 333) 

6. (a) -j- 16ij crn., 3J cm.; (h) + 30 in., 3 in.; (c) — 30 cm., 12 cm.; [d) -f 20 in. 

3 in.; (e) — 18*75 cm., 3 cm.; (/) — 16| in., 2 in.; (gr) — 12 cm., 2 cm. 
10. (a) -f- 10 in., (/>) + 20 in., (c) — 10 in., (d) + in. 11. + 6 cm. 

12. (a) — 9J in., 4^ in.; (b) + 23| in., 4| in. 

Chapter XXVm. (Pa.ge 348) 

4. Concave, 720 in., 6*05 in. 5. 10 dioptres. 9. + 2 cm. 

Chapter XXX. (Page 369) 

3. 0*01 ft.-candle, 0*4 ft.-candle, 0*174 ft.-candle, 0*25 ft.-candle. 

4. 14*14 ft., 7*07 ft., 4*47 ft., 3*16 ft. 5. 27 sec. 

8. 2*828 ft. 9. 25 cm., still equal. 


Chapter XXXI. (Page 381) 

5. 4000. 

Chapter XXXII. (Page 395) 

9. 1 100 ft./sec., 2760 yd. 13. 1116ft./soc., 1138 ft./sec., 1147 ft./sec., 1156 ft./aec 
Chapter XXXin. (Page 402) 

2. Frequency 320 360 400 426f 480 633J 600 640 

1 

Wave-length 3*44 3*06 2*76 2*68 2*29 2*06 1*83 1-72 fe< 

8. 1100ft./8ec. 

• Chapter XXXIV. (Page 410) 

3. 261 or 251. 

Chapter XXXV. (Page 425) 

5. Reduce by 3*75 cm., Increase by 1*224 kgrm. 


4. 80 cm. 
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X/hapter XXXVni. (Page 456) 

4. (i) 53° E. of N., (ii) 9° E. of S., (iii) 68“ W. of S.. (iv) 60° W. of N. 

Chapter XXXIX. (Page 465) 

1. 13J dynes, 300 webers, 40 cm. 

2. 6 oersteds, 0*56 ooratod, 0*104 oersted, 2*5 oersteds. 3. 140 dynes. 

4. 0*768 oersted, 0*444 oersted, 0*280 oersted, 0*188 oersted, 0*132 oersted; 34*1 cm. 

5. 0*25 oersted, 0*15 oiTstcd. 

7. Ml : Ma = 0*5774 : 1; 57*74 webers; 133*3 webers. 

8. Hi : Hj ==r 1 : 0*7265; 0*1453 oersted. 9. 2700 e.g.s. units; 23*8 cm. 

11. 0*2 oersted 12. 1 : 3*375. 13. 0*2 oersted; 12 cm. 

14. 100 e.g.s. units; 12 cm. 


Chapter XL. (Pope 481) 

6. 1*5 dynes, 8*17 cm. 7. 0 833 e.a.u., 7*05 cm. from larger. 


Chapter XLI. (Page 500) 

6. 3 e.a.ii., — 7*5 e.s.u.; — 3 e.s.u.; — 45 o.s.n., — 60 c.s.u. 


Chapter XLIII. (Page 519) 

6. 0*926 amp. 7. 70 min. 38 sec. 

Chapter XL VI. (Page 570) 

2. i ohm. 3. 13*125 ohm. 6. 0*00435 amp., 0,00066 amp. 

8. (a) ohm., (6) 95 ohm. 10. 5^®g ohm. 

Chapter XLVn. (Po^e 581) 

3. 79*3%. 4 . (a) 20 watts, 30 watts; (b) 125 watts, 83*3 watts. 

5. 10 amps., J amp., 3*3 amp. ; 24*9 pence, 15 amp. 

7. (a) 32 ohms, (b) 150 watts. 

8. 80 ohms, 2*5 amp. ; 20 ohms, 5 amp. ; equal rates. 

11. (a) 2 amp.; (6) 10 amp.; (c) 15 amp. 

12. (a) 62*9 ohms; (b) 174 min.; (c) 8*7 pence. 


9. 2500 watts. 




INDEX 


ABERRATION, pphorical, 29fi, 325 
Jif — chromatic, 353' 

Absolute tcmj}eralureyfi)7^ 
Accclcratioi ^ 24 J ^ 

— and forcf*J^J 

— due to gravity, 31 
Accommodation of (‘ye, 338 
Accumulator, load, 527 

— iron-nielit‘l, 530 
Achromcatic l-'nses, 353 
Aero])laue, 50 
Agonic lines, 4^7 

Air pressure, 1 17 
ajjjilications, 122 

— pumps, 130 
Airships, 143 
Alternating curn'nts, 507 
Ammeters, moving coil, 549 
iron, 550, 598 

— hot ’^^'ire, 579, 598 
Ampere, 508 
Amplifi(ir, 612 
Amplitude, 373 
Anode, 605 

— current, 610 
Antinodes, 407 

Apparent thickness or depth, 300, 
313-15 


— loss of weight, J 37 
Arc, electric, 579 ^ 
Archimedes' 

Artesian well, 1 1 1 
Astigmatism, 341 
Astronomical t(‘li‘scope, 344 
Atmosphere, 131 
Audibility, limits of, 399 
Automatic fire alarms, 1G5 


BALANCE wheel of watch, 182 
Balloon, 141^ 

Barometer, iliy 

— aneroid, r2o 

— Fortin, 120 

— uses, 121 
Water, 119 

Batteries, 533, 563 
Bea^s, 404 
Bicycle.pdmp, 122 


Binoculars, 320 
Block and ta(;He, 85 
Boiling point, 236, 251 ^ 

and dissolved substances, 244 

and pr(‘ssure, 243 

Bomb caloriimd^riC, 225 
Boyle’s LawQ^ 

Brake horse-plT^r, 76 
British Thermal Unit,/219) 

Butter cooler, 240 


CALIPERS, slid(‘. 3 
Caloric; theory, 260 
Calori(‘, 219 ‘ 

C'al(»rific value, 225 
Calorinict(‘r, 223 

— bomb, 225 
Camera, 336 

— stops, 337 
Candle-power, 360 
Capacity, tlu rmal, 221 

— el(‘clrical, 492, 493 
Capillarity, 150 
Cathode lay tubes, 608 

— T*ays, 606 
Caustic curv(‘s, 296 
Colls, simyde, 521 

local action in, 623 

])olarisation of, 524 

— batteries, 523, 563 

— Jlanif'll, 524 

— dry, 527 

— high ten8i()n,.,M4 

— Leclanch6/52S 

— secondary 


Centre of gravity, 60 

examples on, 63 

tabic of, 62 

Charges, ek'ctrical, 468 

distribution of, 478 

mutual action of, 468 

unit of, 423^ 

Charles’ Law fT96^ 
Chokes, 599 

Chromatic aberration, 3B3L 
Clinical thermometer, 
Clouds, 264 
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Coefficient of expansion, apparent, ] 87 

cubical, 178 

linear, 177 

of gases, 196 

real, 188, 189 

superficial, 178 

friction, 96 

Colloids, 165 
Colour, 360 

— and eye, 367 

index of refraction, 362 

— complementary, 363 

— mixing, 354 

— of objects, 365 

transparent substances, 357 

— primary, 354 
Compass, gyroscopic, 6 

— prismatic, 463 

— ship’s, 453 
Condenser, 493 

— fixed, 497 

— variable, 497 
Condensing electroscope, 495 
Conduction of heat, 206 

applications, 212 

in liquids and gases, 208 

solids, 207 

Conductors and insulators, 469 

in parallel, 657 

scries, 656 

Conductivity, 555 
Conservation of energy, 73 

momontum*3^ 

Consequent po^srltfl 
Convection ,^0m 

— application?fr212 
Coolidge tube, 607 
Corkscrew rule, 637 
Coulomb, 508 
Couples, 59 
Critical angle, 318 
Crystalloids, 155 
Cycle, gear of, 93 


DANIELL, cejyL 624 
Davy lamp,t2^ 
Declination, 437 

— measurement of, 448 

— variations of, 452 
Density 

— and tett^rature, 183 

— bottle, 17 

— of liquids, 17 


Density of •solids, 16 

— relative, 19, 112, 138, 141 

— table of, 18 
Deviation by prism, 308 
Deviation, minimum, 316 
Dew, 254 

— point, 253 

Dialysis, 156 
Diesel engine, 266 
Differential thormoscope, 209 
Diffusion, 154 ^ 

— Graham’s l<aw of, 

— of gascsll^ 

DilatometorJ^Tonstaiit volume, 188 
Diode valve, 609 
Dioptre. 341 
Dip, angle of, 448 

— circle, 449 
Direction indicators, 544 
Discharge lamps, 579 

— through eaiu^s, 605 
Dispersion, 

— by lenseBr353 
Displacement of ships, 140 
Dulong and Petit’s ex})eriment, 189 
Dust tube experiment, 423 
Dynamo, 591 

Dynamometer, 11 
Dyne,^} 


EAR and hearing, 383 
Echoes, 392 
Echo soundings, 394 
Eclipses, 276 

Efficiency of electric lamps, 677 

machines, 79 

Elasticity, 101 

— limits of, 104 

— modulus of, 162 
Electric arc, 579 

— bell, 641 

— charges, 468 

— current, effects of, 503 

— discharges, 497 

— lamps and heaters, 576 
Electrical energy, 485, 673 

— screening, 481 

— transmission, 588, 603 
Electro-chemical equivalent, 510 

— series, 515 
Electrodes, 505 
Electrolysis, examples of, 516 

— first law of, 505 * •• 
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Electrolysia, second law of, 509 

— theories of, 512 
Eloctpolytc, 505 
Electromagnets, 540 
Electromagnetic induction, 584 

— waves, 378 
Electromotive force, 531 

and potential diffeience, 562 

comparison of, 532 

measurement of, 567 

Electrons, 470 
Electrophonis, 484 
Eleotroplat>ing, 5 IS 
EleedroscofK', condensing, 495 

— gold-leaf, 476 

— pith ball, 468 
l^I*^ctrostatic capacity, 492, 493 

— eneqgV, 485 

— field. 472 

— force, 473 

— induction, 474, 491 

— intensity, 474 

— potential, 486, 488 

— screening, 481 
Eleotrotyping, 519 
End correction, 421 
Energy, 

— potontialA72^^ 

— units 

Engines, petrm and Diesel, 266 

— steam, 264 

Episcope, 347 -x 

Equilibrium of bodiesi 6^ 

forces, 48 

Equipotential surfaces, 487 

Eq u i valfin t,^cctro- chemical, 610 

— Joule s (26^ 

— water, 221 
Erg.JTD 

ElheTfluminifcrous, 378 
Eureka can, k 
Evaporation,j2^Jki:M8j269 

— and boilingi^49 
Expansion, applBrf$it and real, 186 

— applications of, 164, 180 

— coefficients of, 177, 178, 187 

— of gases, 163, 196 

hollow vessels, 182 

; liquids, 163, 186 

solids, 161, 175 

vb4ter, 190 

— on freezing, 241 

3»r 


Eye, and colour, 357 
— defects of, 339 


FARADAY’S ice pail e^pqriment, 486 

— laws of electrolysis, 609 

— net, 478 ^ 

Field, electric, 472 

— magnetic, 434 

— of coil, 537 

Fleming’s j^gf^d iand rule, 546 
FI otationA^^i^ 

— law 

Flushing tank, 126 

automatic, 133 

Focal length, 295 

of eoncavc lens, 325, 330 

mirror, 303 

convex lens, 325, 329 

mirror, 303 

Fog, 25r> 

Foot-candle, 361 
Force, 7 

— absohitc units of, 35 

— and acceleration, 32 

— »'lectrostatie lines of, 472 

— gravitational units of, 11 

— law of elcotrie, 473 
magnetic, 457 

— measurement of, 11, 12 

— magnetic lines of, 434 

— pump, 124 

Forces, parallelogram of, 43 

— resolution of, 46 

— trianghi of, 47 
Forced vibration, 410 
Formulae, lenses, 330, 333 

— mirrtirs, 300 

— motion, 28 

— volumes, 15.^ ^ 

Freezing pointf23^ 

and dissoHr^rsubstances, 244 

and pressure, 242 • 

Frequency, 373 

— measurement of, 298, 406 

stretched string, 412 

Friction, 94 

— coefficieut^f, 95 

— laws of, (S^ 

— limiting,'96 

Fuels and foodstuffs, calorific value of, 
225 

Fuses, 676, 678 
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“G,” measurement of, 31 
Galvanometer, hot wire, 679 

— moving iron, 550 
coil, 648 

— tangent, 646 
Gamma rays, 379 
Gas equation, 199 

— pressure at constant volume, 200 
Gauge, screw, 3 

Gauss, 469 
Gear, bicycle, 93 

— box, 92 
'Gears, 91 

Geometrical constructions, curved 
mirrors, 298 

lenses, 328 

rtifraction, 311 

Glaciers, 243 

Graham’s Law of Diffusion, 166 
Gramme, 8 
Gramophone, 401 
Gravitotion, th(‘ory of, 8 
Gravitational units, 1 1 
Gravity, acceleration due to, 31 

— centre of, 60 
Gun recoil, 38 
Gyrostjopc, 6 
Gyroscopic compass, 6 


HAIL, 256 
Harcoiirt lamp, 360 
Haro’s apparatus, 132 
Harmonics or overtones, 417, 420 
Heat and energy , et seq, 
electrical, oTS 


temperature, 166, 218 

— iB8i|]ation, 214 
— ^t^^ 235 

— ^ mceffanical equivalent of, 263 

— quantity of, 218 

— refraction of, 380 

— of, 380 
— 0pec^^ 222 

— T»B«ffof, 219 

Heating effect of current, 675 

Hoar frost, 254 ^ 

Hooke’s Law; (102^ 


Hope’s apparatus, 191 
Horse-power, 76 
Hot- water ^stems, 213 
Hou^Shold mrouits, 678 
Humidity,^^) 


Hydraulic press, 113 
Hydrometers, 142 
— Regnault’s, 256 
Hygrometry, 266 
Hypermetropia, 339 
Hypsometer, 168, 237 


ICE, latent'hoat of, (23^ 
Ico-pail experiment 
Illuminating power, 360 
Illumination, intensity of, 361 

— meters, 368 
Images, lenses, 327 

— pinhole, 276 

— plane mirrors, 283 

— real and virtual, 286 

— sphcrictal mirrors, 297 

Impedance, 601 • 

Inclination or dip, 448 
Inclined mirrors, 286 

— plane, 88 

Index of refraction, 310 
Induction by earth’s field, 455 

— coil, 688 

— electromagnetic, 584 

— electrostatic, 474, 491 

— magnetic, 437 

— mutual, 586 

— self, 

Incrtia fe ^ , 

Insulators, 469 
Interference, 404 
Internal combustion engine, 265 
Inverse square law, 362 
Ions, 471,513 

Isogonal and isoclinic lines, 462 


JOULE, 71. 673 
Joule’s equivalent, 263 


KALEIDOSCOPE, 290 
Keepers, 442 
Kilogramme, standard, 8 
Kilowatt, 674 

— hour, 674 ^ 

Kinetic energy 

— theory, 267 


LACTOMETER, 142 
Lamps, discharge, 679 



INDEX 


623 


Lamps, efficiency of, 677 * 

— Harcourt, 360 

— power of, 360 


ijpntcrn, projection, 347 
i^atont hoat,f23yfeM 

applicaho&JSf; 239 

of fusion/2^ ^ 

vaporiSftion 

].ateral inversion, 285^^^ 


ijonsea, 324 


— formulae, 330 


— images formed by, 327 

— measuring constants of, 329 
— prinripaT focus of, 325 
Loiiz’s Law, 585 


Leslie cube, 210 
]/‘vers, 54, 80 

— classes of, 56 

— law gf, 55 
Jjcydcn jar, 495 
Light definition, 271 

— rectilineal propagixtion of, 272 
Lightning, 498 

— conductors, 499 

Lilies of force, electrostatic, 472 

magnetic, 434 

Lodestone, 427 
Long sight, 339 
Loudness, 4(K) 

Loud speakers, 544 
I^ubrifation, 96 
Lumen, 361 

Luminiferous other, 378 


Luminosity, 271 
Luminous intensity, 360 
Lux, 362 


MACHINES, 78 

— efficiency of, 79 
Magnetic axis, 457 

— field, 434 

— fields duo to curi’cnts, 637 

— ft)rce, 457 

— induction, 437 

— intensity, 459 

— lines of force, 434 

— maps, 451 

— meridian, 446 
^ moment, 469, 463 

- satoj^ion, 443 
__ Ici^g, 439 
P- substances, 443 
Magnetisffi, molecular theory of, 440 


Magnetism, testing for, 429 
Magnetometer, 461 
Magnets, equality of poles, 430 

— making, 430 

— natural and aHificial, 427 

— polarity of, 427 
Magnifying glass, 341 
Manometer, 126 
Mass, 8 

— compared with weight, 11 

— units of, 9 

Maxwell’s corkscrew rule, 537 
Mechanical advantage, 78 

— equivalent, 263 
Melting point, 232 

— — anrl pressure, 242 
Microphone, 594 
Micros(‘ope, compound, 343 
Minimum deviation, 315 
Mirage, 321 

Mirrors, inclined, 286 

— parallel, 288 

— plane. 279 

— rotating, 285 

— spherical, 293 et seq. 

Mist, 254 

Mixtures, prin(‘ij)lc of, 219 
Modulus of elasticity, 102 

Voung’s, 102 

Molecular theory of magnetism, 440 
Moment, magnetic, 459, 463 

— of a eou])le, 59 

force^7 

Momentum/3W 

— ronservavttm of, 37 

— examples on, 38 
Monoeliord, 412 
Morse inker, 543 

— sonndc!-, 541 ^ 

Motion, accelerated,. 2^ 

— equations of, 553 

— laws of, v7, 34, 3j ) 

— under gravity, ^ 

— uniform, 24 • 

Motor, 595 

Multipliers, 561 
Musical scale, 399 

— sounds, 397 
Myopia, 339 


NEUTRAL points, 455, 
Newton’s Laws of Motio 
Nodes, 407 
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Nodes, in air columns, 420, 423 

strings, 419 

Noises, 397 

Non-inductive coil, 560 


OCEAN currents, 216 
Oersted, 459 
Ohm, 554 ^ w 
Ohm’s 

Opera glasse>»r!rf6 
Optical centre, 324, 326 
Organ pipes, 425 
Osmosis, 157 
Oven regulator, 1 80 
Overtones, 417, 420 


PARALLAX, 287 
Parallel forces, 59 

— mirrors, 288 
Parallelogram of forces, 43 

velociUe^51 

Pendulums, 

— Harrison, iTO 
Penumbra, 273 
Period, 373 
Periscope, 288, 319 
Petrol engine, 266 
Phase, 387 

Photometers, flicker, 368 

— grease-spot (Bunsen’s), 367 

— shadow (Humford’s), 366 

— wax-block (.loly’s), 364 
Pigments, 356 

Pile driver, 36 
Pinhole camera, 276 
Pipes, closed and ojien, 419 
Pitch, 397 
Plane, inclined, 88 
PUmsoll line, 141 
Points, action of, 499 
Polarisation, 524 
P?)larity of magnets, 427 

solenoids, 639 

Poles, consequent, 431 
— equality of, 430 

— magnetic, 428 
— ^ strength of, 457 
Potent!^, 486 

— and induction, 491 

— differe nce, m cells, 531 


I on, 488 


I Potentiometer, 569 
Pound, standard, 8 
j Poundal, 34 
Power, 74 
Presbyopia, 341 
Pressure and I'leptli, 108 

— in liquid, 1{)7 

— of gas supply, 126 

vaj:AJiir,i)i£r49 

water supply, 1 26 

— on surface, 107 

— satiiration, 250 
Primary colours, 354 

! Principal focus of Icnsc's, rf25 

! mirrors, 295 

i Prismatic binoculars, 319 
I — compass, 453 

Prism, dciviation by, 315 

— refratition by, 308, 315 

— reflecting, 318 
Projection lantern, 347 
Protons, 470 
Pulleys, 84 

— Weston’s diffcrcutial, 86 
Pump, air, 130 

— bicycle, 122 

— common, 122 

! — forces 124 

I 

j QUALITY of sounds, 400 


RADIATION ap})aratus. 209 

— applications, 212 et scq. 

— from surfaces, 210 

— of heat, 207 

— reflection of, 380 

— rc'fractioii of, .380 
Radio waves, 380 
Rain, 255 
Ray-box, 279 
Reactance, 601 
Real images, 285, 297 
Rectifier, 610 

Reduction factor of tangent gal- 
vanometer, 647 
Reflection, 279 

— angle of, 281 

— by prisms, 318 

— diffuse and regular, 280 

— laws of, 281 

— total internal, 316, 320 

Reflecting telescope, 346 ' 
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Refraction, 307 

— applications of, 309 

— cause of, 312 
— jndex of, 310 

— laws of, 310 

— through prism, 30S, ; 
Refrigeration, 240 
Kelaliv'o density, 19 

by Archimedes’ li 

flotation, 141 

U-tiibe, 112 

— humidity, 255 
Relays, 543 
Resistance, S54 

— box, 559 

— equivah*rit, 556 

— mi'asiin'tnent of, 565 

— s|K‘cifie, 555 

— variahh', 55S 
Resistances in parallel, 557 

series, 556 

Resolution of forces, 4b 

appUcnitions of, 49 

Resonance, 409 

— tube, 421 
Resultant, 43 

— of paralhd forces, 59 
Rovorbei-ation, 392 
Rheostat, 559 
I^l^ple tank, 373 
Rotation of mirror, 2S5 
Rumkortf coil, 58S 


JSAFETV^ lamp, 213 
fSaturation pressure, 250 
Scalar (|uaritities, 43 
Scale, musical, 399 
Screw jack, S9 
— gauge*, 3 
Sextant, 289 
Shadows, 272 
Ship’s bearings, 395 
Short sight, 339 
Shunts, 560 

Signs, conventions of, 301, 330 
Silver voltameter, 509 


Siphon, 125 
Siren, 397 


^xe’s maximum and minimum thor- 
^ mm^eter, 172 


j^gki 0 ^^c*,ct” in liquids, 146 
BlicTe calipers, 3 


Snow, 255 


Soan^lms, 148 
Solmoid, 538 
Sohd angle, 361 
Sonometer, 412 
Sound films, 402 

— ranging, 394 

— quality of, 40u 

— reflection and refraction of, 385 
I — reproduction of, 401 

— source of, 383 

I — transmission of, 383, 388 
1 — V(‘locat 3 f of, 390, 421 

Sounding tube, 130 
I Speaking tube?, 

S|K‘,cific gravity ,^9^ 

. — heat,v 22 ^ 

— inductive capacity, 494 

— resistance, 555 
Spectrum, 350 

pnre,^52 

Spi'ed.^^ 

Sphericat aberration, 296, 325 

— mirrors, 293 
Sphf‘romcter, 4 
Spring balance, 9 
Stability of bodices, 65 

; Standard (‘andlc, 360 

— U^mfic'ratiire ancjLpressuro, 200 
States of matter, ' 2 ^ 

, Stationary waves ,'^6 
Steam engines, 264 
j — turbim^s, 266 

Strain and stress, 102 
; Stratosphere, 132 
Submaiiiies, 143 
Surface* tension, 147 

c‘omparison of, 161 

Syringe, 122 


TELEPHONE receiver, 643 

— transmitter, 594 
Telescope, 343 

— astronomical, 344 
GaUlean, 345 

— reflecting, 346 

— terrestrial, 346 
Television waves, 380 
Temperature, 166 

— absolute, 197 

— and density, 183 
heat, 166, 218 

— conversion of, 169 

— FahrenheR and Centigrada^ 
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Temperature of maximum density of 
water, 191 
Therm, 219 
Thermal capacity, 221 

— conductivity, 206, 207, 208 
Thermionic omission valves, 609 
Thermometer, 167 

— air, 202 

— clinical, 173 

— fixed points, 167 

— liquids for, 171 

— making, 170 

— maximum and minimum, 172 

— scales, 167 

— wet and dry bulb, 257 
Thermopile, 210 
“Thermos” fiask, 215 
Thermoscope, differential, 209 
Thermostats, 193 

Tin whistle, 424 

Total internal reftCjction, 317 

application of, 320 

Transformers, 587 
Triangle of forces, 47 
Triode valve, 611 
Trolley experiments, 32 
Troposphere, 131 
Turbines, steam, 266 

UMBRA, 273 
Uniform acceleration, 25 

— velocity, 24 

Units of capacity, 491 ' 

charge, 473 

conductivity, 556 

electrical intensity, 474 

energy, 71 

force, absolute, 35 

gravitational, 11 

^ heat, 219 

— . — magnetic intensity, 469 

mass, 9 

-ff pole strength, 468 

potential difference, 631 

power, 76 

of lenses, 341 

quantity and current, 608 

— - — resistance, 654 
— — weight, 10 

— — work, 70 

VACUUM fladt, 216 
Valveii^ diode,‘''609f *'■ 


Valve », thermionic, 609 
— triode, 6^11 
Vapour pressure j^4^ 

and I oiling^ pQmt,^5! 

satun. »^^ion,^ g5^ 

Vaporisation latciTnieat of^23' 
Variation, magnetic, 447 


— paral^logram of, 51 

— ratio,w9 
j — uniform, 

' — of s€>iind mail, 390 

j indirect d •'termination of, 41 


in solids, 392 

water, 391 

Ventilation, 214 
V'^ernier scalc,2 
Vibration 

— amplituacrof,f37^ 

— forced, 410 

— frequency of 373 

— of air cob VT* ^“‘"4 IS 
strings, (( 

— period of, ^ 
Viewfinder, 350 
Virtual images, 285 
V'is(50sity, 152 

— ^.comparison of, 153 
Vision, defects of, 339 
Visual angle, 342 


Volt, 531 
Voltameter, 505 

— copper, 507 

— silver, 509 

— water, 506 
Voltmeteirs, 561 
Volume formulae, 1 5 

— measurement of. 15-16 


WATCH balance wheel, 182 
Water equivalent, 221 

— expansion of, 190 

— freezing, 241 

— in atmosphere^ 262 
Waterproof fabrics, 149 
Water level, 1 10 
Watt, 75, 674 

Wave motion, 371 

and light, 378 

. . - ^- ^ locity of, 37 

. »W|gre-^ngth, 374 
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W aves, circular, 

— electromagnetic, 378 

— Hertzian, 380 
— Infra-red, 379 

— longitudinal, 385 
, — reflection of, 375 

— refraction of, 377 

— stationary, 400 

— transverse, 38 1 

— - ultra-violet, 379 

— wireless, 380 

Weber, 458 
Weight, 9 • 

— thermometer, 187 

— units of, 10 

Weston’s differential pulley, 80 
Wetting of surfaces, 140 


A Whemstone bridge, 566 
p L, W l^l and axle, 82 
I ^TVhlrooring galleries, 303 
I Whimshurat machine, 484 
! Windlass, 81 
Winds, 216 
Wire|gauze, 212 
Worl, 70 
— prViciplc of, 78 
ff, 70 

X-RAYS, 370, 607 


YACHT, 51 
Yield point, 105 
Y’oung's modulus, 103 
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